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YOU CAN PLANT MORE LAND WITH LESS WATER
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The publication of this booklet by the Cal Poly Agricul-
turzl Engineering Department has been made possible by funds
donated to the Department. Further contributions will be
gratefully received to provide wider distribution and to assist
in other irrigation related projects. Individual copies of
this booklet are available from the Apricultural Engineering
Department, Cal Poly State University, San Luis Obispc, CA
93407 for $1.00 to cover postage and handling. Bulk orders

may be purchased at $§.60 per copy plus tax and transportation
directly from the printer.

This booklet has been written by Professor Joha L Merriam,
who, for 20 years before starting te teach, was a practicing
engineer with the 30il Conservation Service in Southern Cali-
fornia and abroad. He is a registered civil and agricultural
engineer and a farmer as well. 1In 1978 he retired following
twenty years of teaching practical and theoretical irrigation
clasges at Cal Poly, a university noted for its practical
approach, and now is doing consulting work at home and abroad.




Preface

The information in this booklet is pertinent 2ll of the
time, but as the sub-title suggests it is extremely pertinent
in periods of water deficiency. Water saved then can be
equivalent to a major on-farm source of water for all but the
best irrigator. It would not be so for projects where too
deep and runoff losses are recovered for subsequent reuse.

The irrigator who can increase his efficiency from 50%
up to 73% can plant half again as much land as he originally
expected to. To Lllustrate: if the water allocation, as used
under a typical current 50% efficlent program, would satis-
factorily produce a crop on 50 acres, & 75% efficient program
will produce a crop on 75 acres,

In a drought year, normal irrigation economics must be
thrown out the window -- values have changed. One is no
longer greatly concerned with the cost of water, labor, capital
investment if lrrigation efficiency can be increased. The
value now lies in terms of additional production from addi-
tional land cropped. There is no other single improvement
procedure that can provide so great a return and hence justify
so0 much management or capital input.

If one grows a crop that nets $200 per acre and plants 75
instead of 50 acres, the extra return is $5,000. This will
Justify borrowing the funds te make the needed capital invest-
ment for such improvements a2s a return flow system, a reservoir,
pipelines (permanent or portable), and lining the ditches.
Equally important is training the irrigator and paying him a
salary commensurate with his enhanced ability not just the
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least you can hire a body for, and utilizing professional agri-
cultural engineérs, Extension Service people, Soil Conservation
Service personnel, or Cal Poly trained irrigation students to
make on-farm evaluations of your operation and system o bring
them up to the best that is practical. The evaluations may
take a couple of days while you are irrigating. Or one may be
able to do much of the simpler parts of the evaluation oneself
after studying the succeeding chapters.

(A booklet "Irrigation System Evaluation and Improvement,"
is quite a bit more technical, but would be very helpful for
those who will make the effort to study it or who receive help
from trained personnel. It is obtainable from Blake Printery,
9922 Beebe Street, San Luis Obispo, CA 93401, for $2.00
tax and postage included.)

The chapters in this booklet first ask the questions to
determine whether onme can improve his irrigation efficiency
{and save labor and power as well as water), and then describe
how to do so for the furrow, border-strip, and sprinkle
methods. The closing chapter tells about several general prac-
tices that facilitate improving effective use of water,

Fipure 1, Method Adaptability, on the opposite page, pre-
sents general information abeut where each method can be used
and its limitations.
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Chapter I
QUESTIONS NEEDING ANSWERS

Where do you fir? Most irrigators are operating at about
50% season-long efficiency (Actual Application Efficiency, AAE).
With improved management practices, which in many cases can be
easily done, efficiencies can be increased into the 60-70%
range. With some capital investment and gpood management, sur-
face irrigation methods under favorable field conditions, can
be increased into the 80-95% range, and sprinklers can be
raigsed up to 75% and possibly 80%. These are Potential Appli-
cation Efficiency (PAE) values. PAE equals mindimum depth
stored/average depth applied when everything is just about
right., It measures the capability of a system or method and is
the only term that may be used to compare them. AAE is defimed
by the same equation using values found at an actual irrigation.
Differences between the two show there is room for improvement
usually by management. Low values of PAE indicate need for
improving the system.

(The above percent efficiencies, PAE and AAE, are based on
the Soil Conservation Service definition of minimum as being
the average depth on the lowest quarter of the fieid, and not
the coefficient of uniformity values based assentially on
average of lowest one-half.)

Definitions and Terms are described more precisely in the
Glossary.
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The graphs on the opposite page tell the story of what a
very good irrigation should be accomplishing. They show where
the losses occur and their magnirude when operations are near
optimum., For the furrow and border-strip graphs, the advance
curve tells the time when the water reached any point down the
field and the recession tells when it dried up. The difference
between them gives the duration water was at any point infil-
trating into the ground. The irrigation curve tells how long
water should be at any point. The dotted lines past the end
of the field represents water running off,

Below these curves are the depth infiltrated curves. They
show the depth of water infiltrated in the time intexval
plotted above. By proportions of the areas, the distribution
of the water can be found and expressed as a percent of the
total as shown on the figures. When there is a return flow
system (numbers shown in parenthesis), the run~-off water can
be reused sa the only loss is to too deep. The too deep loss
is a small amount coatrary to what many people believe simply
because Intake rate decreases with time and very little is
infiltrating towards the end of irrigation even though quite a
bit of time may elapse.

The sprinkler distribution is independent of the soil
intake rate so only a depth infiltrated curve is needed, and
there is no decrease in the loss rate with time.

4 full evaluation of an irrigation will furnish detailed
information and provide the basis for economic decisions.
However, the following questions will serve to show the magni-
tude of the easily obtainable increases in efficiency and the
following chapters how te do so.

Fundamental to all irrigation methods are certain essen-
tial conditions. 'Is it dry enough to irrigate?” and “Is it
wet encugh to stop?" To properly act in response to these
questions requires a water supply that is fiexible in frequency,
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rate, and duration. When the water supplier can't do this,
on-farm reservoirs are in order., The photo of a portion of
Coachella Valley, which has the highast per acre yield of any
USBR project, shows what farmers with expensive land feel ig
the relative value of preductive land Versus a reservoir, Ope
properly designed reservoilr and distributrion gystem can serve
80 to 160 acres and Save much water and labor.

The question "1g it dry enough to irrigate?' - in other
words, has the goil molsture deficiency become equal 1o the
Management Allowed Deficiency (MAD), which is the optimum
dryness. Thig question is noyw being widely answered by the

many irrigation districts and irrigation consultants., It cap
also be done by the irrigator making soil moisture deficiency
checks using a soil auger. This simple technique will be
covered in the lase chaprer,

The question "Ig it wet enough to stop?" can be determined

Teturn flow system. 9

Now with shis background, the irrigator can begin finding
his own irrigation efficiancy by subtracting from the very high
but attainable Potential Application Efficlency (PAE) values
shown on the graphs -- 90% for furrows, 85% for border-strips,
and 80% for sprinklers -- as follows:
== If you always run water for 12 or 24 hours or some other
fixed number of hours instead of turning it off at a ripe
based on a field check, subtraet 10% to 20% or more efficiency
points., This is usually the single biggest loss for most
Systems and especially for sprinklers. (For example, if the




system were designed to run 24 hours but 20 hours would have
been adequate, one would lose (24-20)/20 = 207%. (Turn it offl)
If your crop never shows moisture stress anywhere, you are
never under-irrigating so on the average you must be over-irri-
gating, lose 5%,

-- If you are using surface irrigation and don't have a return
flow system, take off 207 to 40% for furrows, or cut back the
stream and lose only about half as much. Furrows really need

a return flow system to save water and labor. For border-
strips don't take off any more as that loss is included in the
original figure, but you could save 5% to 15% if you did have

a return system or, on sandy solls, carefully pond the water at
the lower end. (Invest some capitall)

-- For a sprinkler system designed to rum 12 hours, do you make
your night run shorter than the hotter, windy day run by an

£ hour or so or alternate the sets to compensate? MNo, then take
; off about 3%. Do you have lezking gaskets, old and new nozzles
en the same line? Yes, then take off 5%. Have you used a

ﬁ. pressure gauge at various locations in the system to see if
pressures are reasonably uniform and at the design value -- do
i you know the design pressure? No, take off at least 5%. Do

’ you open the line wvalve wide open for all sets? Yes, take off
5%. Do you tip the sprinkler risers along the edge of the
field so that instead of wetting rthe road you put thatr water
in the field for your crop? No, take off 1% or 2%. Do you
use the alternate set procedure when you move your line at
every other irrigation? WNo, take off 5% or more. Do you
operate in a hot, dry climate? Yes, take off 5 to 10%, and 5%
more Lf it is very windy. Does the sprinkler jet from cne set
reach or nearly reach the location of the previous lateral
location? Wo, lose 5%.

-~ For furrows, do you use a small stream, which takes a long
time to reach the lower end (Advance Ratio 1:1) and so




over-irrigate the upper end, but gives very little run-off to

be saved by a return flow system? Yes, subtract 15 points.
[Advance Ratio (AR) = Time of Advance neaded to reach the

lower end/Time of Trrigation needed to infiltrate desired

depth at lower end.] Do you use a large stream to reach the

end quickly (Advance Ratio l:4) and so have very little too

deep but do have lots of run-off and no return flow system?

Yes, lose 30% to 40%. Same as above but do have a return flow? -
Yes, lose no points. The equivalent to a large stream is a
short furrow since the Advence Ratilo 1s the key to limiting
excess deep penetration at the upper end.

-— For both surface methods, do you have dissimilar soils and
intake rates along a furrow or strip? Yes, lose 5% to 10%.
Do you have 24-hour water deliveries and no reservoir? Yes,
lose 10%.

-~ For border-strip irrigation, do you have water on the upper
and lower end of the strip for about the same duration? No,
lose 5% to 15%. Do you turn off the water when the stream is
more than .6 to .7 of the way down the field for the finer
rextured solls or more than about .9 for sandy solls so that
run-off 1s excessive? Yes, lose 5% to 15%.

1f these questions and answers convince you that afficlen-
cies can be improved then you can save water and labor. And
remember that it is not the cost of water and labor that counts
in a dry year, but how much more crop can be produced with a
limited water supply by planting more area with water conserved
because of increased efficiency.

The subsequent chapters describe in detail how to operate
to attain the higher values by making one's Actual Application
Efficiency (AAE) approach or equal the Potential Application
Efficiency (PAE).
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Chapter II
MANAGING THE FURROW METHOD

Water is lost in furrow irrigation in two ways -- it runs
off and it goes too deep. Stopping or reducing these losses

conserves water, and usually labor and energy. In areas where

more land is available than water to irrigate lt, the wvalue of
this water is measured by how much crop it can produce, and
the cost of it and the labor and capital to apply it ceases to
be of dominant econocmic importance. Efficient irrigation un-
der such conditions is of great value.

Basic to all irrigation are two quaestioms -- “Is it dry
enough to irrigate?' and "Ig it wet enough to stop?' The tech-
niques for answering these questions will be covered in Chap-
ter V, but the importance of doing so and rhe effect on the op-
eration of furrow irrigation systems will be illustrated here.

For furrows, runoff and uniformity of the depth of water
infiltrated along the furrow are related to the speed of water
reaching the lower end (Time of Advance) relative to how long
it needs to be there to do a job of soaking in enough water
(Time of Irrigation). This is conveniently expressed as the
Advance Ratio (AR) -- the ratio of the Time of Advance (T.dv)
to the Time of Irrigation (T;) ideally, otherwise to Tp.

If a large, but non-erosive, stream is turned into the
furrow it will reach the lower end quickly if the lenpth is
reasonable. The water will be on the upper end only a little
longer than at the lower end and a very uniform irrigation




will result. This uniformity is measured by the Distribution
Uniformity:

py = average depth infiltrated in lowest guarter of field
average depth infiltrated on whole field

The same effect can be cbtained with a smaller stream and a
shorter furrow. However, if this relatively large stream con-~

tinues to run full size for a number of hours more in order to
irrigate the lower end, there will obviocusly be lots of runoff.

There are several management tools to adjust these condi-
tions to get the best results. Changing the Time of Advance
by changing the stream size is the easiest thing to do to af-
fect the Advance Ratio and hence the uniformity. The largest
usuable non-erosive stream will give the best uniformity. Ad-
justing the length by using gated pipe across the middle of the
field, or other ways, may often be practical. Reusing old fur-
rows rather than making new ones each time lets the water move
faster, reducing the Time of Advance.

Varying the Time of Irrigation, the other factor in the
Advance Ratio, can be done several ways including changing the
desired soil moisture deficiency at the time to irrigate (Man -
agement Allowed Deficiency, MAD), changing the furrow spacing
or its shape, reusing furrows or making new ones, etc. Other
things such as driving the tractor wheels or pulling a drag
down each furrow may be helpful in reducing the intake rate.
Chiseling oftenm is dome in a way which results in a different
effecr in different furrows and it usually increases intake
rate. Both of these latter items tend to make irrigation less
uniform.

The graphs of Cumulative Intake, Advance and Recession,
and Depth Infiltrated shown on Figure 3, are taken from a
field evaluation on a compact sandy loam. They are modified
only siightly to better illustrate the concepts. They indi-
cate the relative effects of changing stream size to affect
the Advance Ratio and the losses going too deep and running
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- off, and the amount that is stored for crop use. Not indicated

- conditions constant, will result in a smaller AR.
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The Cumulative Intake curve simply indicates at any time
the depth of water that would have infiltrated into the soil
for the particular furrow shape and spacing that was tested.
From such a test, presuming reasonably similar conditioms at
the next irrigation, a good estimate can be made of how long
water would need to be near the lower end (average of the low-
est quarter) to satisfy the desired soil moisture deficiency
(MAD) . Or if one knows how lomg the water has been at a spot,
a reasonable estimate can be made as to what amount of water
has infiltrated.

The Advance Curve shows how fast three different size
streams would go down the furrow. They have been drawn so
that the time it takes them to reach the end (Time of Advance)

is 1/4 and 1/2 of and the same as (1/1) the Time of Irrigation.
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This represents a range from quite rapid advance ta moderately
slow corresponding to Advance Ratios of 1/4, 1/2, 1/1. The
results of these variations are shown in the table with the
curves, Figure 3. It should be studied for trends and magni-
tudes.

For the irrigations indicated, which were turned off when
it was just wet enough to stop, for the AR of 1/4, the percent
lost to too deep was 5% of the total water applied, lots of
which ran off, for the 1/2 AR, 1l1% was lost, and for the 1/1,
21% went too deep. Remember there are 2 number of ways to af-
fect the AR to make it and the too deep loss what you want
them to be, and the loss can be kept smaller with furrows than
with any other method.

Now, let's look at another tao deep type of loss. 1If it
isn't "dry enough to irrigate," but one thinks it is and ap-
plies the regular jrrigation, lots of water may go too deep.
Water cannot be stored in the soil in a greater amount than
there is dry soil in the root zone to held it, i.e., greater
than the Soil Moisture peficiency (SMD), so check it before
deciding to irrigate. Graphically, on the Depth Infiltrated
curve, all the space above the gMD line now 1s lost to OO
deep and the AAE shown in the table is low.

This can be partially alleviated by acting in respomnse
ro the second question, "Is it wet enough to stop?" 1If the
water were turned off when the depth of water infiltrated at
the lower end equalled the SMD racher than at the planned MAD,
the loss to too deep from over-irrigation would be eliminated.
However, it would start a chain of conseguences. The Time of
Irrigation would be reduced. This would increase the Advance
Ratio. That would result in a larger percent of water infil-
trrating at the upper end relative to the lower end. However,
the effect of all of this could be overcome by using a shorter
furrow or a larger initial stream to have the same AR.

10
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To summarize these seemingly involved, inter-related pro-
cedures, if you want to put on a lighter irrigation use a
shorter furrow, or a large enough stream to get to the lower
end with a reasonable AR, and turn it off on time -~ the same
as one would do for any good irrigation. For annual crops
with an expanding root system, an early, light application can
easily be done by using gated pipe across the middle of the
field effectively shortening the length. The upper and middle
lines should be run simultaneously to avold double irripation
at the middle line. The full length can be used for the heav-
ier, later irrigations. Or the light early applications can
be made longer by including part of the "pre~irrigation' depth.

Furrow spacing has a very definite effect on Time of Irri-
gation. It simply takes longer to move water further out to
the side and it goes slower and slower the wider the spacing.
Since it ig taking longer, it is also going deeper. This all
means that if one is putting on light applicaticns one needs
furrows closely enough spaced to wet across below the surface
during the shorter time. If one is putting on deep irriga-
tions, a wider spacing is allowable. It will then take a
great deal longer, perhaps even three times longer, to do the
job. This will permit the use of longer furrows at high effi-
ciency. Spacing is also related to soils and can be adjusted
to crops and equipment.

Similar management changes can also be accomplished by
changing furrow shapes. Vee furrows may be wet 10" wide, a
parabolic one may be wet 15", and a broad one which is level
across may easily be 24" wide. Since the water moves sideways
about the same distance from the edge of all shapes, the area
wet, the time of irrigation, and the stream sizes are all cor-
respondingly adjustable.

Looking at the other loss -- runoff -- which may easily
be very large, one again finds that it also is related to the
Advance Ratio with all of its inter-ties to Iinitial stream




size, furrow shape, spacing and length, and MAD and theilr side
effects, The curves and table showing the advance relation-
ships and the Depths Infiltrated indicate that for a rapid ad-
vance, AR of 1/4, there is lots of runoff, 34% of all applied
water if the water 1s turned off on time. Tor the smaller
streams, AR of 1/2, it reduces to 23%, and for the quite small
streams (which would be similar to a longer furrow and the r
larger stream) the runoff is small, 9%, but this is also the
one that lost 217 too deep.

The runoff loss can be reduced by about one half or more {
by making one or two cutbacks in the stream size. The first
cuthack should be made an appreciable time afrer water is run-

ning past the lower end when the loss has become big enough to
warrant cutting it back. If it is done sooner as is often sug-
gested, the lower end will be inadequately irrigated and the !

i runnoff at the end of irrigation will be greater. The most )
economical operation with one cutback is such that the runoff

11 at the time of cuttimg back is about the same as it will be ac
the end of irrigation. If the cutback is done in conjunction

with the use of a eyeling type return flow system, the above
cutback operation will minimize the cost and power requirement.
L A return flow system should almost always be part of a

s furrow irrigation system. Ordinarily, it is economically jus-
g tified as a labor saving device as well as water saving. When
é

1

the value of water is measured in terms of its productivity, a
return flow system back to an irrigation reservoir, is practi-
cally the first item to be considered. lilsing one in conjunc-
tion with small Advance Ratios, the Actual Application Effi-
ciency (AAE) values should approach the Potential Application
Efficiency (PAE) of about 90% if the soils are uniform and the

water is cut off on time.

! In order to do this last item, a reservoir may be essen-
tial if water deliveries are for units of twenty-Ffour hours.

12
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A gravity reservoir in conjunction with a large capacity semi-
automated delivery system is a real labor saver as well as
helpful in conserving water since it makes it possible to set
all the furrows in a field at ome time and to make cutbacks as
desired. It also serves as regulating storage for the return
flow system.

In summary, furrows on reasonably uniform soils and slopes
are the most efficlent method of irrigation if proper manage-
ment uses a small Advance Ratio, turns water off on time, and
utilizes a return flow system. Low efficiencies are not the
fault of the method, but of management.

13
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Chapter IIIL
MANAGING THE BORDER-STRIP METHOD

Border-strip irrigation has several other common names -
border, check, strip check, f£leood. In addition, it is the
most widely used method in California and the least understood.
It has a high Potential Application Efficiency (PAE), 80% plus,
but is usually operated at about 50% sctual Application E£fi-
ciency (AAE). Furthermore, it has the dubious distinction,
seldom vealized by its users, of being the most sophisticated,
complicated, least adjustable method. But when border-strip
irrigation is used corrvectly, AAE can go above 90%, and labor
and power requirements are very low.

Because of the complications in obtaining real high effi-
cienecy, each border-strip has only one Management Allowed De-
ficiency (MAD) value, plus or minus a tittle, that is just
right. For this reasom, it is best adapted to permanent Crops
such as pasture, alfalfa, orchards, ete. With geood management
and planning, it can be made to do very satisfactorily for
many deep-rooted annual crops.

This recalcitrant paragon is described as a sloping strip
of land fairly level across, which is bounded on the side by
borders (dikes, ridges). The soil for the length of the strip
should be uniform but one can live - at lower efficiency - with
some variation. If the strip is graded to a uniform grade or
nearly so, lengthwise and across, it is called a graded border-
strip.

Where soils are too shallow and somewhat undulating and
much grading is not practical, guided border-strips are feasi-
ble. For these, the grade along the strip is allowed to vary

14




to conform somewhat to topography, and the strips are made
narrower so they are easily made level across. They often run
nearly stralght down hill. (The true objective of land grading
is not to create a plane surface, but is to improve irrigation.)

To understand the limitations and management of border-
strips, one can best start from the optimum conditions as shown
in the adjacent graph, Figure 4. The Cumulative Depth Infil-
trated curve indicates the depth of water infiltrated from a
ponded condition after any length of time as found from a field
evaluation test. It can be approximated from studies on typi-
cal soil textures.
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ADVANCE- RECESSION CUMULATIVE DEPTH ANEILTRATED
o hoo deep
- MAD"" S Excallent bub altoinable condltions
‘ N depih lied 160 7
— — — — e e s a »
smncl Urriaated \\ hi deepﬂllnss 5
£ too soonY)  |vun runeff  losc kS
- stored off 1 sbored MAY (PaEg) B2
< | stored smd  (AAR) Gl
i 4 wm\ }rehulrin f!z::‘w {no run nvfh
- [ n rote jaoh
distance faz deep foss &
DEPTH INFILTRATED Mored Mao (PAEY 94

Figure &

The Advance and Recession curves are respectively plots of
the time it took the water to move (advance) down the field to
various points usually each 100 feet apart, and the time when
water disappeared (receded) from the various places. The
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duration of time water was at any location with an opportunity
(To) to infiltrate there is the increment of time between the
two curves.

By using this time of opportunity in conjunction with the
Cumulative Depth Infiltrated curve, the depth corresponding to
the increment of time at each location along the strip can be
found. The plotting of this depth and distance is the Depth
Infiltrated curve from which by proportion, the lLosses and
stored percent and depths can be determined.

The detailed procedure for obtaining all of this informa-
tion requires making a field evaluation. That process, which
ig moderately involved, is described in the booklet "Irrigation
System Evaluation and Improvement,'" mentioned in the Preface.

However, the simple procedure of timing how long it takes
water starting at the upper end to reach the middle and lower
end of the strip, where it was and when it was cut off, and
when water is no longer on the surface at the top, middle, and
bottom {with or without ponding)} is just a matter of observa-
tion. From this information, the Advance and Recession Curves
can be sketched, If distance units of 100’ are used, better
curves can be developed.

The graphs shown represent a real good job of irrigating -
better than can be done every time. However, measured tests
have given values better than this. Poorer, but easily im-
proved conditions, are described later.

The ideal condition for uniformity exists when the Ad-
vance Curve has been made "parallel" to the Recession Curve.
For this condition, about the same time of opportunity occurs
at each end with some extra in the central portion. The times
are made about the same by simply turning in the stream size
that moves at the desired speed. The slope of the Advance
Curve is adjustable with stream size, but the slope of the Re-
cession Curve is fixed. This is true because the water that is
just disappearing at any point by iafiltrating or moving on, is
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always doing so under the same physical condition for each
specifie strip. Since the Recession Curve is fixed in shape,
it becomes the control item for border-strip irrigation. This
is a distinguishing and unique condition. The time at which
the recession starts is controlled by when the water is turned
off plus a little more (Lag Time) taken by the several inches
of water ponded at the top to drain off and infiltrate.

The depths infiltrated will vary appreciably less than

the time difference between the Advance and Recession because
any extra time is at the end of irrigation when the infiltra-
tion rate is the slowest. This is illustrated by the Cumula- ;
tive Depth Infiltrated Curve. Very uniform infiltration along
the strip is possible. The table shows for this illustration
that only 5% went too deep because of the non-uniformity. Up :
to 10% is a reasonable loss.

Runoff loss is largely controlied by how far back from
the lower end the water is when it is turned off. Where it
should be is related in a complicated way to ground slope,
stream slze, flow rate, strip length, Soil Moisture Deficiency .
(SMD), soil conditions, crop conditions, soll and water temper- g
atures, etc. The practical answer is by trial and error know-
ing the objective which is to turn the water off late enough to
have the 3" to 6" depth of ponded water in the upper part of
the strip flow on down to the end and adequately irripate there,
but not so late that too much flows on by the end and runs off.
On fine textured soils with low gradients and long strips this
may occur about .6 the way down the strip. For medium textures,
it is often .7 to .8 down the way, and on high intake rate
soils it will be near the end.

Irrigation is an art and a science. This part is art.
With adequate art, the runoff loss is abeout 10% to 15%. A
return flow system eliminates most of the art needed as well
as the runoff loss.
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In summary of losses, the too deep loss Is low and uni-
formity is high if the Advance Curve is made about "parallel"
to the recession by simply using the right size stream, and
the runoff loss Is small if the water is cut off at the correct
distance.

Now comes the intransigent part imposed by this excellent

method. Up to here nothing has been written about the two bas-
ic questions, "Is it dry emough to irripgate?" and "Is it wet
enough to stop?" They must be answered,

The irrigation curve (MAD) drawn in conjunction with the
Advance and Recession Curves is drawn parallel to the Advance
Curve and above it by the time it takes to infiltrate the de-
sired irrigation (MAD). It represents a specific time related
to a specific depth of water as taken from the Cumulative
Depth Infiletrated Curve, and only at the ends is it just barely
below the recession in order to have the minimum depth infil-
trated show up as the average of the lowest quarter of the
field, 1If a different depth, and related time, were desired,

a different line would be drawn which would be above or below

the Recession Curve and so would therefore represent under or

over irrigation. There is no way that the excellent condition
first presented can be maintained except for the original MAD.
However, reasonable compromises with near perfection can be

-

very good.

With the border-strip method only four things are adjust-
able, and the last of them is often not practical. They are
the stream size affecting the advance rate and uniformity, the
MAD affecting the duration water should be on, the distance
and time at cutoff, and the length of the strip. Compromises,
but at reasonable efficiencies, are essential.

Illustrations of less than the best will be helpful in :
identifying problems and what may often be done to correct
them. Since the scope of this booklet is limited, appreciable ¢
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study may be needed to fully appreciate the complexities.
(Additional illustrative curves are included in the Appendix.)
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The first illustration is shown in Figure 4 and the ta-
ble. If the question "Is it dry enough to irrigate?" is im-
properly answered and full irrigation is applied four days
teo soon as represented by the SMD line, the Actual Applica-
tion Efficiency (AAE) drops from 82% to 61%. If this were
standard procedure, (.82-.61)/.61 = 35% more land could be
planted with the water saved by irrigating four days later
when the soil is dried to the MAD.

If one is among the unfortunate Irrigators who must take
thelr water too soon, because of rigid schedules, then the fol-
lowing compromises must be made: the date of irrigation being
fixed, one will irrigate at the small SMD existing at that date
and try to be reascnably efficient in applying that depth of
water. Since the reduced depth takes less time of irrigation,
the stream should be near the lower end faster than before.
This will require a larger stream. The Recession Curve, that
inexorable control item, does not change its shape so water is
at the lower end longer than at the upper end and more runoff
may occur. This condition is represented by the curve titled
Stream Too Large in Figure 5. The graph shows that it is quite
posaible to over-irrigate the lower end of a strip, or under-
irrigate the upper part. The identifying feature for too large
a stream is the divergence of the Advance Curve from the
Recession rather than being “parallel."”

The graph, as drawn, corresponds to about 20% water lost to
too deep and 15% to 20% running off for a 60% to 65% efficiency.
This is not too bad. With a return flow system it is a respect-
able 80% even though the stream was too large,

The next graph representing too small a stream - a very
common problem - is diagnosed by having the Advance Curve
converge toward the fixed Recession Curve, If one hags a fixed
stream of water as from a well, rhe strip can be made narrower
to increase the effective stream size. With the moderately
smaller stream condition shown, very little runoff occurs, -5%,
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and the too deep loss is about 20%. AAE would be a respectable
75%. This may be a fairly good compromise if a return flow
system 1s not utilized. If much too small a stream is used,
results will be very poor,

When the strip is too short, as shown by the graph, only
a much smaller SMD can be used or losses are excessive, This
is te be emphasized - border-strips are NOT adaptable to short
fields, and very seldom is efficiency improved by just shorten-
i ing the length. This latter advice is often given, but it is
incorrect, It does apply to furrows, but not to beorder-strips h
; unless othar factors such as MAD are drastically changed

S, g
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¢ nacins may be used to replace short border~strips.

. The last of the graphs on Figure 5, shows conditions when
the strip is too lomp. As before, the stream size is the
desired one to keep Advance and Recession Curves parallel.

The graph indicates that a larger MAD is needed because the
stream must be run longer to go the greater length and be
turned off later. A larger stream would also be a compromise
technique with this longer strip. Very long strips are feasi-
ble if large MAD values are used.

For annual crops with an expanding root system, the early
irrigations are usually light with deeper ones later. With
border-strips, the light ones would not be efficient. TIwo
management alternates are practical. The early irrigations
can be made larger than needed with the excess being used in
1ieu of a pre-~irrigation. Or portable pipe can be used to cut
the length in half for the first part of the season and then
removed to use the full length for the larger, later irriga~
cions.

The question 'Is it wet enough to stop?" is a hard one
to answer. Hopefully, the desired depth to just replace the
SMD would occur simultaneously near the upper and lower ends.
However, it could be either one. Unfortunately, when this
condition occurs, the water may not be far enocugh down the
strip so it will have to run longer to irrigate the lower end.
or it may be too far down the strip, and be running off a lot.
Apgain compromise is inevitable,

7n addition to the problems illustrated, there are
obviously many more combinations of the controllable items:
stream size, MAD, time and distance to cut-off and length, to
which should be added return flow systems.

The diagnosis of condirions is obviously rather compli-
cated. Some assistance can be obtained from trained people.
Cal Poly State Universicy, San Luis Obispo, agricultural
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engineering students and graduates, and some others have
studied evaluations and they can be helpful. Several engi-
neering and farm management firms have adequate staff., The
Soil Conmservation Service and Farm Advisors’' Offices have some
experienced persomnel. TFor the tremendous job of efficiently
using a short water supply, most irrigators will have to depend
on themselves. Hopefully this booklet will be of assistance.

The value of water is not its cost, nor the labor to apply
it. It is measured by what the water and labor will produce
when water is in short supply.
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Chapter IV
MANAGING THE SPRINKLE METHOD

Sprinkle (and trickle) irrigation method is unigue in con-
trast to surface methods in that it is independent of soil uni-
formity and topography in its adaptability. It is also com-
patible to a swmall steady stream of water when surface irriga-
tion works best with large flows. However, disregarding
adaptability and contrary to popular opinion, sprinkle has the
lowest potential efficiency of any normal irrigatiom method.
Also, it is difficult to modify for drought conditions.

The basic reason for the good reputation it does have is
that most systems are fairly well designed and the design effi-
ciency 1s presumed to be the operating efficiency. However, in
general, the pre-nozzle logses are ignored and the coefficient
of uniformity is frequently incorrectly thought of as being the
efficiency of the method.

This chapter will present the management procedures to
identify and alleviate its losses in order to increase effi-
cienmecy up to the fairly good values that are attaimable. A
matber of factors will be presented that apply to sprinklers in
general, and then the unique conditions will be covered for the
following specific variants of the metheod: single line (hand
move, side roll, end tow), multi-line system (permanent, sclid
set, side roll with trailing laterals), and orchard {(over-tree,
under-tree, permanent, portable).

Some of the techniques may be fairly expensive or laber
intensive, but in a water deficient period the value of water
is in its productivity. If an efficiency of £0% can be raised
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to 75%, twenty-five percent more land may be planted and irri-
gated with the same water supply. This increased yield can
justify a very appreciable expense.

The two basic questions "Is it dry enough to irrigate?”
and "Is it wet enough to stop?! must be answered. For most
sprinkle systems the implied correct answer for frequency and
duration at the time of peak water demand is designed into
them. This usually results in 12~ or 24-hour sets less chang~
ing time. Almost all systems are operated in conformance with
this design duration for the convenience of labor. If the ex-
isting Soil Meisture Deficiency (SMD) in the field at the day
of irrigation is equal to the Management Allowed Deficiency
: (MAD) for which the system was designed, fairly good effi-

ciency should result. HNot very much will go too deep below the
MAD line as illustrated in Figure 6.

SPRINKLE 'RRIGATION
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However, if the designed peak frequency and duration are
used and the SMD does not equal the desired MAD as is also
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shown on the figure, serious loss of water to too deep will
occur since everything below the SMD line now goes too deep.
For example, if a 20-hour set would replace the SMD, but the
run is 2&-hours (24-20/20) = 20% water is lost in addition to
rhe regular losses.

Tt is essential that the operating frequency or duration
be made to conform to that needed to replace the SMD existing
at the day of irrigation. This will often require an incon-
venient duration of operation, but water run too long is 100%
wasted. There is no return flow to save water with sprinklers.
Not properly answering the second question is the principle
reason the sprinkle Actual Application Efficiency (AAE) seldom
equals the Potential Application Efficiency (PAE).

Another loss that puts water too deep is caused by the
non-uniformity of the sprinkler application pattern. Most
individual sprinklers at thelr best operating pressure, put
out much water clogse to the sprinkler and taper out to zero at
the edge. This results in a somewhat conical shaped pattern.
By overlapping one sprinkler well past the next along the line,
a long triangular tent-like pattern resulets. This is then
moved sideways to nearly reach the next line to overlap the
tent-1like patternms.

With the ripght combination of nczzle size, pressure,
sprinkler spacing along the lateral, and distance between
laterals, a reasonably uniform overall pattern results from
the many individual conical patterns. However since nozzle
size and pressure are often compromised in the design to apply
the desired depth in a 12- or 24-hour duration, the best
pattern is seldom attained. Modifications to help will be
discussed later.

A field evaluation (in which catch cans are set out and
depth measured as described in the booklet, Irrigation System
Evaluation and Improvement) is essential to determine the
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distribution uniformity coefficient (DU). (DU = average depth
inflltrared in the quarter of the area receiving the lowest
depth/average depth infiltrated). The value of DU for good
operations will range from 75% to 85%. This indicates the too
deep loss is from 15% to 25% of that infiltrated when the flow
is shut off on time. (Those values correspond to the commonly
used coefficient of uniformity values of about 83% to 90%.)

The pattern is also distorted by wind. This is alleviated
by using a lower pressure to create fewer small drops which are
more affected by wind. Laterals should not be placed parallel
to the wind, 459 to 90° being less distorted. Avoldance of
windy periods is the best control, and 24-hour sets are better
than 12-hour ones. Wherae practical, the use of alternate sets
deseribed later is very helpful as is also closer spacings
along and between the lateral. The decrease in DU varies from
2 or 3% to perhaps 6% for fairly high winds,

Other too deep losses (which are not included in the PAE
evaluation figures whiech are measured ar the sprinkler nozzle)
also ocecur. These losses need to be included in the field
efficlency as water to satlisfy thew must be delivered to the
field. These losses are leakage from poor gaskets, losses
occeuring while f£illing the lines and before pressure seals the
gaskets, and the water lost while draining the laterals. They
amount to from 2% to 7%. Good maintenance can reduce the
higher values,

Another loss of a similar nature is that caused by having
different pressure along the lateral caused by fricrion and
differences in elevation, although the latter can also be help-
ful if downhill, The usual design limit of a 20% reduction in
pressure aleng a lateral resules in 10% more water flowing from
the first sprinklers than frem the last. If the flow from the
sprinklers at the lower end is what is desired, about 3% excess
water will be applied along the upper part of the lateral.
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This can be alleviated by using flow regulating devices in the
risers or a larger diameter lateral with less than 20% friction
loss., The latter will reduce pumping costs.

However there is a complication due to the 20% pressure
change in that there is an effect on the pattern. The DU at
the various places along the lateral will be different. One
cannot offhand tell whether the lower fiow and pressure at the
lower end might not also coincide with a less desirable DU.
Field evaluations are definitely in order.

Te summarize the too deep losses: the 5ystem may be run
for an incorrect duration which is correctable, the pattern DU
may be poor and corrections will be discussed under each type,
line losses ocecur which may be reducible with good maintenance,
and flow and pressure variations along laterals may be helped
by installing flow regulating devices or having less pressure
loss or more consideration for ground slope.

The in-air losses are unique to the sprinkler method. They
are included in the PAE and AAE values since they occur after
the water leaves the nozzle. The evaporation loss is related
to the relative humidity and will be affected some by tempera-
ture, wind, and sprinkler layout, by water temperatures, and
somewhat by drop size. The latter is a function of pressure
and nozzle diameter.

This loss varies from about 5% to 15% and even higher
under severe conditiens. The in-air evaporation is less at
night when it is cooler and the reltative humidity is higher.
However during the daytime water on the plant leaves effec-
tively stops plant transpiration so that water normally removed
from the soil remains there. The net effect is that there is
usually only a2 small difference whether water is applied during
the day or night unless severe climate conditions prevail. If
they do, sprinklers may become impracrical particularly with
saline water. A 20% evaporation increases water salinity by 25%
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Where multi-line systems (solid set, ete.) are used, evap-
oration will be reduced except for the up-wind lines.

Wind drift losses are only a few percent for normal pres-
sures and moderate winds though the pattern will be affected.
For extreme conditions of high pressure with fine drops and
appreciable wind, it may be as high as 5%. Multi-line opera-
tion may vecover part of the drift. Lower pressure and avoid-
ance of very windy periocds are obvious ways to reduce the loss,
They may have side consequences -- less water, larger drops,
longer duration -- that makes these changes impractical, so
management compromises,

Another general problem with sprinklers occurs along the
edges of the fields. Since there is no lateral line set beyond
the edge, only one line of sprinklers lacking the usual over-
lap applies water there. In order to get a fair amount of
water - but usually a deficient amount - the lateral in a eypi-
cal operation is set fairly close to the edge and water is
thrown outside the field. This can be overcome in some systems
by tipping the risers so that the water hits the ground at
about half the move distance or less from the lateral. This
will concentrate the over-thrown water in close and make the
application quite uniform. The impact of the jet may damage
some ¢xops and will certainly pack bare scil. The end sprin-
klers or the laterals may have their risers permanently hent
a little.

If, by utilizing some of the various ways to improve
efficiency, the value of the PAE of the system is improved,
the duration of operation must be correspondingly reduced. This
probably will be to some inconvenient duration in order to
infiltrate the same minimum depth as before, or a larger MAD
must be used. If this is not done, AAE will not increase and
more water than before will be lost to too deep.

When water supplies are decreased from regular sources or
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because of falling water tables in wells, all of the available
land may not be planted even with increased efficiency. If
laterals are shortened so that unplanted land is left at the
far edge of the £ield, the flow in the latreral will be corre-
spondingly reduced. Less pressure will be needed to overcome
friction without affecting the sprinkler pressure, so power
may be saved. If a 1320 foot lateral were reduced to 990 feet,
the pressure could be reduced from say 65 psi to 56 psi for
about 13% reduction in power. It would also provide more
uniform sprinkler flows along the lateral and save a littrle
water, Te save power, the pump impeller would need to be
changed which is a fairly inexpensive job. Throttling the
inlet valve will not save much power,

If threttling is currently being done, a review of the
pump is in order to see if changes can be made. For constant
speed pump, a l0% reduction in impeller diameter results in a
10% decrease in flow, reduces pressure 20%, and horse power by
30%.

For the single line sprinklers - hand move, side roll,
end tew - the total areaz and the set area may be decreased by
reducing the lateral move distance. This usually increases
the DU and application rate which will reduce the time of
irrigation or result in more water being applied at the low
quarter area. It therefore may be practical to reduce the
flow rate and pressure saving water and energy. Renozzling
may sometimes be desirable. The new condition would require a
field evaluation to determine the new DU.

Another practice that should be standard with the single
line system because it almost invariably improves DU by 5 to
13%, is the use of "alternate sets." 1In this practice the
regular move distance and frequency are used each time, but at
alternate irrigations the starting location for the lateral is
midway between the previous sets. The high application area
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of the first set tends to compensate for the low application
of the alternate sets. A minor edge problem occurs due to the
need to compromise the distance in from the edge of the field
at the start. And again duration or other changes must be
made because of increases in efficieney. A wider than normal
move distance often becomes very acceptable with alternate set
utilization. The improved efficiencies again require a recon-
sideration of the duration of the ser.

The multi-line systems -- permanent, solid set, side roll
with trailing laterals -- are less amenable to modification,
Changes of spacings are not feasible for permanent laterals and
solid set, so the alternate set technigues cannot be used,
Closer spacings usually resulting in higher uniformity may be
easily done with solid sets when first laid out. Risers along
the edges may be tilted for some crops.

Modifications that may be practical include changing
pressure and related Flow rate and probably DU, varying pres-
sure at alternate runsg, and operating for the correct duration
and then shutting down oz starting the next block is essential.

Evaluations are important for solid sets and permanent
lines since, for esconomics which is good design except in
drought, pressure variations may be rather large. Smaller
nozzles to reduce flows to obtain more uniform pressures and
possibly a lower one, may be helpful. This will change dura-
tion but on automated systems this poses no great problem., It
may also be necessary to add or subtract one line in the block
to balance flows with the pump, and also the frequency of
coverage. Remember, less water and time is needed with better
efficiencies.

Orchards and vineyards have several variations of sprin-
klers. A common one is permanent over-tree. These lack adjust-
ability and their pattern cannot be evaluated. It is often poor
at the ground level due to plant interferences. Use of a probe
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to check depth of penetration in many areas may be helpful. If
over-irrigation is not very great, the extensive root system
will absorb water wherever it is, but there will be dry areas
develop during the middle or latter part of the season. About
the only manapement tool is to aveoid over-irrigation and
possibly operate at different pressures at different irrigations
to vary the pattern.

The open field type sprinklers regquiring overlap for uni-
formity have been used as permanent or portable under-tree
sprinklers. They are sometimes faceriously knowm as '"through-
the-tree" sprinklers. 1f there is much tree interference, and
there usually is, resulting in excessively wet and dry areas,
the uniformity can be quite poor often resulting in ponding and
runoff. If they are portable, the alternate set technique may
be helpful.

The under-tree sprinkler, properly known as an "orchard"
head, should cover the area between four trees with a uniform
depth pattern not dependent on cverlap from adjacent sprinklers.
They usually cperate at fairly low pressure. Such a setup can
be permanent or portable. Several water saving and management
practices are helpful in drought years to maintain production
with a reduced water supply.

Most of these heads are adjustable, and while adjusting
them may be a formidabie job, improved quality and yield have
great value. They should be adjusted to produce as uniform a
pattern as practical, especially avoiding areas of excessive
precipitation which could be lest te too deep. The duration of
flow should be such that all but perhaps the last one or two
irrigations should penetrate nearly to the bottom of the root
zone. Some may be shallower to save storage for rainfall.

In order that about this depth, never more and possibly a
litrle less, is attained, the area wetted may need reducing by
adjusting the range andfor pressure. To summarize - wet only
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as much area as water is available to penetrate the root zone.
Do not put on shallow, large area irrigations, but do force the
tree to ration itself by using large MAD values and the deep
roots, Efficiency above 85% 1s attainable,

To summarize sprinklers: they are widely adaptable to
intermixed soils and unlevel topography. They have more built-
in losses, before and after the nozzle, than other methods.
They are easily misused, particularly by running too long for
an existing SMD. They have limited capability for improvement
as a system because they generally are fairly well designed.
Management changes in some cases need to be based on a field
evaluation. Such changes to improve uniformity may include:
varying the spacing and move distance of the sprinkler and
using the alternate set technique; varying pressure, flow rate,
and nozzle sizes; and tilting risers along the edges of fields.
Additional important technlques include varying the MAD and
corresponding duration of flow, and, above all, turning off the
flow when the SMD has just been satisfied, or shortly before
for drought operatiom.

Under-tree orchard heads can be adjusted to improve uni-
formity, and to balance the area wetted with a reduced water
supply to permit penetration to nearly the full depth of the
root zone with negligible too deep loss.

Several procedures may involve a change in the pump. The
latcer may be as simple as using a smaller impeller.
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Chapter V
MISCELLANEOUS MANAGEMENT METHODS

The preceding chapters have presented the value and need
for efficient irrigation, particularly during the water defi-
cient periods, and also how to operate furrow, border-strin,
and sprinkler systems to attain high efficiency. Certain
management techniques in addition to operations need further
development beyond that previously presented. They will be
covered under the three often mentioned phrases: "Is it dry
enough to irrigate?" "Is it wet enough to stop?" and "Losses,”
and the common closing heading of “"Miscellaneous.”

"Is it dry enough?" regquires two "yardsticks" -- Manage-
ment Allowed Deficiency (MAD) and Soil Moisture Deficiency
(SMD). MAD is first expressed as the percent of the available
moisture in the root zone that can desirably be used and corre-
lates with the stress that will cccur in the crop in the spe-
cific soil and climate condition. This percent is often taken
as 50%, but desirably should often be 40% to 80% depending on
conditions.

When one has selected the MAD percent and knows the avall-
able moisture relations for his soil and depth of root zone,
he can multiply them and determine what inches of so0il moisture
can desirably be removed from the soil (MAD inches) at the time
to irrigate. The irrigator should replace the deficient inches
depth comparable to the same inches of rain.

For example, a 60% MAD may be the desirable value to
moderately stress a crop in a medium textured soil. If the
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Toot zone is 5.0' and the available water in the soil between
field capacity and wilting point is 1.8" per foot, the value
of MAD = 60% (5.0' x 1.8"/") = 5.4". In other words that is
how dry management says it should be at the time of irrigation
50 a rainfall of 5.4" should be prayed for, or that much

plus the losses should be obtained from a more likely source.

The second "yardstick” is how dry is it in the rocot zone.
What actually is the Soil Moisture Deficiency? Does it equal
the MAD? This is determined many ways. A common ore is by
intuition which occasionally may be close but most often is
used with too much "worry factor' and results in much wastage
of water.

Observation of creps for signs of incipient stress, slight
wilting, coloer change, slower growth, ete., can be quite
Practical in selecting a date for irrigation. However, it does
not indicate what the SMD is s8¢ does not furnigh knowledge of
how much water is needed.

Other techniques thar indirectly tell that it is time to
irrigate include the use of tensiometers, electrical resistance
blocks, evaporation pans, calculated evap-transpiration,
neutron probe, ete. These must be calibrated with field condi-
tions to estimate the SMD and when and how much water should
be replaced,

A simple, less expensive, more direct, more informative,
and -- with some personal experience -- as precise a merhod
is the observing of the actual soil moisture deficiency in the
field, The chart (Figure 7 in the Appendix) describes rhe
feel and appearance of the variocus textures when they are
deficient the indicared amounts per foot of soil profile  The
irrigator should replace the observed deficieney. It sheould
be the same as the MAD at the date of irripation. In any
event, don't put on more, and not less, unless a limited irri-
gation is desired.
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The following is an illustration of the use of the chart,
A soil auger* or sample tube is used to obtain samples of each
foot of profile. 1If the top foot condition matches the des-
eription of the soil (texture, feel, appearance) indicating a
loam soil, 1.8"/' deficient (wilting point), second foot 1L.ov/!
deficient, third foot .4"/' deficient, and fourth foot 0.0"/'
(field capacity), the soil is deficient the sum of these, 3.2",
and the root zone depth 1s about three feet. The irrigator
should apply 3.2" of water plus that needed to satisfy the
losses. He should check the soil at several locations. Den't
complain about the work, because you can hire irrigation
management service (IMS) companies to do it, but it is essen-
tial that the question be answered.

Another simple guide can be used to tell about when to
make a check. It can even be refined to schedule when to
irrigate, but it must be confirmed every couple of irrigations
by a soil moisture deficiency check. This is a gallon can
nearly full of water set out in the sun. Before the MAD depth
has evaporated, make a field check. By varying the initial
depth of water in the can, the evaporation rate can be varied
to approximate the evapo-transpiration rate of different crops.

The selection of the MAD value involves many factors.

(A copy of the American Society of Agricultural Engineers
technical paper describing this may be obtained from the
Agricultural Engineering Dept., California Pelytechnic State
University, San Luls Obispo, CA 93487.) A value of 50% corre-
lates with the top part of the root zone being dry {(wilting
point) and of course the bottom being wet (field capacity).
For the most efficient production of crops per unit of water,
the crop should be stressed and values of 60% to 80% may be

* An excellent soil auger can be obtained from Art’'s Machine
Shop, Harrisonm St. at Oregon Trail, American Falls, ID 83211
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economical. The following tables indicate the MAD, water use,
and yield relations from tests made at Prosser, Washington, for
corn and sugar beets. There is also a significant saving in
labor with the larger MAD values.

CORN

MAD No. of Yield Water Yield :
A Irri. bu, fac, used bu. /in ;
40 (wet) 9 128 33, 2" 3.9 |
65 4 118 253" 4.7 ;
85 (dry) 3 110 23.6" 4.9 |
SUCAR BEETS |

MAD No. of Yield Water Yield ;
% Trri. ton/ac, used ton/in T
40 (wet) 12 37 46.2" 0.80 |
65 8 36 37.3" 0.98 i
85 (dry) 6 34 32.0" 1.05 -‘

These tables indicate more land can be planted with a limig-
ed water supply and a larger total production obtained though
at a lower rate per acre, if a larger MAD is used.

The second gquestion “Is ir wet enough to stop?" can be
aunswered in several ways, The most simple is to use a steel
rod 3/8" or 5/16" in diameter about 4.0' long with a tee
handle., The end of the probe is left square across. It is not
pointed since it is used while izrigating to feel the change in
resistance to being pushed through the ground between the
nearly saturated soil being wetted and the drier soil below.
When used in sticky soils, the lower tip should be slightly
enlarged so the soil won't stick to the side. This permits the
tip to be more sensitive to changes in resistance.

The probe is used during irrigarion. It can be used to
quickly make many tests in many areas of the field. Since the
water will continue to move downward in the soil for a couple
of days after irrigation, the depth of water and probe
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penetration should be about half way down inte the root zone
when the water is turned off.

To develop confidence in its use, a soil moisture check
should be made with an auger a couple of days later to see just
where water did penetrare. Tf not enough was applied, =z
slightly drier (but stiil quite wet) condition should show up
at the bottom. If too much was applied, it will be wet all
the way indicating some unknown excess was applied. When water
is deficient or expensive, under-irrigation is economical.

A second way to stop irrigation is to runm out of water.

In other words, order or pump an amount that eguals the SMD
plus losses, and no more. This amount (depth on the field plus
losses) can be caleculated. It is equal to the flow rate (cubic
feet per second, e¢fs; gallons per minute, gom; miner inches,
M.T.} multiplied by the time water was running onto the field.
Either of two equations is commonly used. The first is:

cefs x T hours = acres x inches depth which is conveniently
expressed and easily remembered as 1.0 cfs x 1.0 hour = 1.0 ac
x 1.0 inch deep.

For example, how long should a stream of 5.0 cfs be run
on an 8.0 ac field to satisfy a 3.5" SMD at 70% efficiency?

To aliow for losses, one needs to apply 3.5" = 70% = 5.0",

then 5.0 cfs x T hours = 8.0 ac x 5.0". The duration of flow
is 8.0 hours. Of course this time must permit just the desired
depth to infiltrate. Usually the duration, depth, and flow
rate are known and the question is how many acres can be irri-
gated

Gallons per minute can be converted to cubic feet per
second by this ratio: 430 gpm = 1.0 cfs. Alse, 50 Southern
California miner inches = 1.0 efs, and 40 Northern California
miner inches = 1,0 cfs,

The second convenient formula is: Devth {inches) = Time
(hours) x 96 .3 x gpm/area (square feet).
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Losses can be alleviated by several management practicas
in addition to the too deep and runcff losses written about in
the preceding chapters.

Transpiration Irrigation Ratio (TIR) (the percent of the
water applied that is transpired by the crop) can be improved
by reducing the losses go evaporation. The direct losses from
the water while it is being applied are not reducible in a
practical way for any of the methods.

However, the evaporation from the ground surface after
irrigation -~ which may amount to .3" to .8" each irrigation --
can be limited in several ways: shading the wet ground by
growing a crop or mulching; reducing the area wetted by irri-
gation by use of furrows, or orchard sprinkler heads wetting
anly part of the ares; reducing the frequency of irrigation
by using a larger MAD; not cultivating unless weeds are being
competitive with the crop; etc.

Alternate side irrigation of row crops or orchards should
almost always be a standard procedure because of several advan-
tages. The practice tonsists of first irrigating one side of
the plant (every other row) which will require only half of
the normal stream and permit a smaller capacity supply system.
Then at half of the normal irrigation frequency, irrigating
the other side.

For many fields this will require very little more work
and usually no more total labor time. The advantage to thea
crop results from one side of the crop always being fairly wet.
This may permit larger MAD values which allow longer runs, more
efficient irrigation, longer intervals between irrigation, and
s0 less labor. Tt also provides a dry area in the field for
easy 4ccess.

Return flow systems, which recover run off water from
surface irrigation systems and should almost always be utilized,
have three general ways to function. The runoff water can be
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accumulated in a fairly large (several acre feet) reservelir
(sump) at the bottom and pumped out using a fairly large pump
and pipeline for direct inflexible use on a field at a con-
venient time.

Or a smaller sump, and a fairly large pump and pipeline
can be used. Pumping is started after runoff has practically
filled the sump, pumping both runoff and stored water. This
generally involves wore irrigatiom labor to distribute the
water and may not be convenienf in time.

The third consists of a small cycling pump, sump, and
pipeline returning runoff as it occurs to a gravity irrigation
storage reservoir from where it can be re-regulated for con-
venient use. This is the most desirable and generally the
most econtomical.

For efficient use of water and labor, the on-farm distri-
bution system should be semi-automated, be easy to use, and
have a large enough capacity to keep the irrigator busy. It
would ideally consist of a supply flexible in frequency, rate,
and duration such as can be obtained from an overnight gravity
storage reservoir. The delivery system from it must be capable
of a delivery that is flexible in rate and duration, be of
large capacity, and permit finger rip control at the point of
application in the field.

This can be obtained from a ressrvoir by using a closed,
or a semi-closed pipeline with a Harris float valve, or a
level top ditech maintained full regardless of the rate of flow
by an automatic control such as a Neyrpic conmstant downstreanm
ievel control gate. Distribution from it for furrows can best
be done utilizing small gated pipe reaching a short distance
(100 to 150') each way from controlled outlets.

With such a layout with the control valve wide open, all
regulation is at the individual gated pipe cutlet to the furrow,
However, after the individual outlets are set in a unit of
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gated pipe, the starting, cutting baek, and turning off is done
at the individual controlled outlet from the supply system,

For border-strips, the controlled outlets ecan place water
directly into the strips at any rate and number up to the
capacity of the system which should be large.

This type of a system is considered as semi-automated
because it is manually operated at the point of distribution,
but variations in rate from the reservoir require no work on
the part of the irrigator since the closed pipeline or float
valves in the pipeline or level top ditch eliminate the need.
Large streams of water can be handled with very little labor
at high efficiencies with this type of distribution system.

By choosing the best adapted method and operating it
correctly, by checking the soil moisture deficiency and com~
baring it to the Management Allowed beficiency to determine
when to irrigate, and then by tuming the water off when enough
has been infiltrated, one can obtain very efficient irrigation.

By having a system with a large enough capacity to keep
an irrigator economically busy, and one that is easy to use,
labor costs can he kept low.

1f one has these things one can have efficient irrigation
and plant more land with less water,
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Glossary

Management Allowed Deficiency (MAD) is the soil moisture
deficiency in the root zone at which management anticipates
the economically optimum condition. It is first expressed as
a percent of the available moisture in the root zone correspond-
ing to the desired maximum stress in the plant. It is then
converted to the corresponding inches of soil moisture defi-
clency in the root zone which is the desired depth of water to
be applied.

Soil Moisture Deficienecy (SMD) is the depth of moisture
(dryness) that has been removed from the Toot zone at any
particular moment. Ir is rhe maximum that can be replaced and
stored in the root zone. It can also be expressed as the
deficiency in a unit depth of soil, 2.g., inches deficient/foor
of soil.

Time of Irrigation (Ti) is the duration that is needed to
infilerate the desired depth of water at a point,

Time of Application (Ta) is the duration that water is
being applied to the field,

Time of Advance (?adv) is the duration needed for the
stream to move across the field.

Time of Opportunity (TO) is how long water was on the
surface with opportunity to infiltrate the soil.

Time of lag (TL) is how long the water remains at the
upper end of a field after it has been turned off.

Advance Ratic (AR) is the ratio of the Time of Advance

to the Time of Opportumity at the far end of a furrow or field
and which ideally ig Ti‘

Cumulative Depth Infiltrated Curve is a pletting of the
depth of water thar entered the soil after any increment of
time. It usually plots a straight line on logarithmic paper
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Depth Infiltrated Curve is a plotting of the depth of
water that has penatrated the scil at wvarious places across a
field, or an extension of ir.

Advance Curve is a plotting of when the moving water
arrives at various places across a field, or an extension of
it.

Recession Curve is a plotting of when water disappears
from various places across a field, or an extension of it,
The time difference between it and the Advance Curve is the
duration (Time of Opportunity) that water is at any point.

Irrigatiopn Curve is a plotting of when water should
disappear from wvarious places across a field. It is plotted
parallel to the Advance Curve and above it by the Time of
Irrigation.

(In the following three equations, the minimum depth is
the average depth in the quarter of the area receiving the
lowest amount. i1le. about one eighth of the area is slightly
under-irrigated.)

Potential Application Efficiency (PAE) is the ratio of

the minimum depth of water stored when that just equals the
soil moisture deficiency (SMD) to the average depth of water
applied. It is the measure of how well the system can do
the job.

PAE = min. depth stored = SMD
T av. depth applied when the SMD is just satisfiec

Actual Application Efficiency (A4AE) is the ratio of the
winimum depth of water stored teo the average depth of water

applied. The minimum depth stored camnct exceed the SMD but
may be less. It is a measure of how well a system is being
used.
AE = min. depth stored
av. depth applied
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Distribution Uniformity (DU) is the ratio of the minimum
depth of water infiltrated to the average depth of water
infiltrated.

Minimum Depth is the average of the one fourth of the
total area that receives the least water. Approximately one
eighth of the total area will receive from zero to slightly
less than this minimum value.

Coefficient of Uniformity (C,) is the ratioc of the aver-
age depth infiltrated minus the average deviation from this

average depth (ox caught in sprinkler tests) to the average
depth.

Cy = av. depth infiltrated - av. deviation
av, depth infiltrated
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Abstract

A unigue technology-package for measuring the spatial distributions of salinity in irrigated
soils and fields and for evaluating the appropriateness of some related irrigation-, drainage- and
salinity control-management practices is described. This assessment technology is based on the
use of: (1) geophysical-instrumental systzms for intensively measuring bulk soil electrical
conductivity and associated spatial coordinates; (2) statistical algorithms for site selection and
salinity calibration; and (3) algorithms for data analysis and graphical display to facilitate
interpretation. Results are presented to demonstrate some of the utility of the technology.
Additionally, examples are given which show that much of the apparent chaos observed in the
spatial pattern of soil salinity in irrigated fields is man-induced and related to such management
practices as irrigation, drainage, and tilage, © 1997 Elsevier Science B.V.

Keywords: Salinity; Irrigation; Drainage; Management; Assessment

1. Introduction

Imrigated agriculture accounts for a substantial proportion of our food and fiber
production. Yet, extensive areas of irrigated land have been and are increasingly
becoming degraded by salinization and water-logging resulting from over-irrigation and
other forms of poor agricultural management (Ghassemi et al., 1995). In some plades,
sustainability of irrigated agriculture is threatened by this degradation. At the same time,
irrigated agriculture is also depleting and polluting water supplies in many places.
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Increased irrigation efficiency is being sought to conserve water, to reduce drainage,
water-logging and secondary salinization, and to mitigate some of the water pollution
associated with irrigated agriculture. Restrictions are increasingly being placed on the
discharge of saline drainage water from irrigation projects. Concomitantly, the reuse of
saline drainage water for irrigation is being increased. With less leaching and drainage
discharge and greater use of saline water for irrigation, soil salinity may increase in
some areas. Thus, a practical methodology is needed for the timely assessment of soil
salinity in irrigated fields, for determining its causes and for evaluating the appropriate-
ness of related management practices.

Traditionally, soil salinity has been assessed using soil samples and laboratory
analyses. Additionally, the leaching requirement (L,) and salt-balance-index (SBI) have
been used to judge the appropriateness of irrigation and drainage systems and practices
with respect to salinity control, water use efficiency and irigation sustainability (U.S.
Salinity Laboratory Staff, 1954). However, these approaches are either inadequate or
impractical for these purposes. Soil salinity is too variable and transient to he appraised
using the numbers of samples that can be practically processed using conventional soil
sampling and laboratory analysis procedures. Furthermore, the conventional procedures
do not provide sufficient detailed spatial information to adequately characterize salinity
conditions and to determine its natural or management-related causes. The leaching
requirement (L), which refers to the amount of leaching required to prevent excessive
loss in crop yield caused by salinity buildup within the rootzone from the irrigation
water, is a ‘concept’ which traditionally has been used to evaluate the appropriateness of
irrigation and leaching management, The concept is based on assumptions of steady-state
and of absolutely uniform conditions of irrigation, infiltraton; leaching and evapatran-
spiration; none of which are achieved in most field situations which typically are
dynamic and variable, both spatially and temporally. Furthermore, salt buildup in the
rootzone resulting from the presence of shallow water tables is ignored in the traditional
L, calculation. Additionally, no practical way has existed to directly measure the degree
of leaching being achieved in a field, much less in the various parts of it, as is required
in order to determine its appropriateness.

The salt-balance-index, the net difference between the amount of salt added to an
irrigation project and that removed in its drainage effluent, is another ‘concept’ that has
traditionally been used to evaluate the appropriateness of leaching, irrigation and
drainage practices. This approach is also inadequate for these purposes because it
provides no information about the average level of soil salinity in the project, nor about
the soil salinity level existing within any specific field of the project. The approach also
fails because it does not even provide a realistic measure of trends in salinity within the
rootzone, because salt from below the soil profile and of geologic origin is typically
contained in the drainage water collected by the subsurface drain system (Kaddah and
Rhoades, 1976). Additionally, the transit times involved in the drainage returns are so
long (usually more than 25 yrs) that the index values aré not reflective of current trends
(Tury, 1975a,b). Nor can one deduce the extent of leaching being achieved in any field,
nor of the irrigation umiformity and efficiency, mor anything about the extent of
waterlogging and losses in crop yield, because the SBI measurements are impractical to
make on the basis of individual fields.
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Our opinion is that an appropriate assessment of the adequacy of irrigation, drainage.
water-table and salinity control management practices can not be achieved using L, anc
SBI concepts. On the other hand, it is possible to measure soil salinity levels within the
rootzone regions of individual fields, From these levels and distributions, one car
determine whether they are within acceptable limits for crop production. One can alsc
infer whether leaching is adequate and uniform, or not, anywhere in a field, since
salinity is a tracer of the net processes of infiltration, leaching, evapotranspiration anc
drainage. Thus, a more appropriate and practical approach for assessing the adequacy of
salinity control is the acquisition of periodic, detailed information of soil salinity levels
and distributions within the individual fields of the project. We refer to this approach as
salinity assessment and envision its use to diagnose, inventory and monitor conditions of
soil salinity, as well as to evaluate the appropriateness of leaching and drainage and to
guide management practices. The same data can also be used for delineating the sources
of salt-loading, as well as for mapping the distribution and extent of drainage problem
areas, within both the project and individual fields. '

Control of soil salinity, and also of salinity in drainage-receiving water resources,
requires the following: (1) knowledge of the mapnitude, extent and distribution of
rootzone soil salinity in the individual fields of the irrigation project (a suitable
inventory of conditions); (2) knowledge of the changes and trends of soil salinity over
time and the ability to determine the impact of management changes upon these
conditions (a suitable monitoring program); (3) ways to identify the existence of salinity
problems and their causes, both natural and management-induced (a suitable means of
detecting and diagnosing problems and identifying their causes); (4) a means to evaluate
the appropriateness of om-going irrigation and drainage systems and practices with
respect to controlling soil salinity, conserving water and protecting water quality from
excessive salinization {a suitable means of evaluating management practices); and (5) an
ability to determine the areas where excessive deep percolation is occuming, ie., to
identify where the water and salt loading is coming from (a suitable means of
determining areal sources of pollution).

An assessment technology of the type described above begins with a practical
methodology for measuring soil salinity in the field. This is complicated by the spatially
vatiable and dynamic nature of soil salinity, which is caused by the effects anc
interactions of varying edaphic factors (soil permeability, water table depth, salinity o:
perched groundwater, topography, soil parent material, geohydrology), by managemen:
induced processes (irrigation, drainage, tillage, cropping practices), as well as by
climate-related factors (rainfall, amount and distribution, temperature, relative humidity
wind). When the need for repeated measurements and extensive sampling requirements
are met, the expenditure of time and effort to characterize, map and monitor a field's o
a project’s salinity condition with conventional soil sampling and laboratory-analysi:
procedures becomes prohibitive. A more rapid, field-measurement technology is needed
Additionally, this assessment technology should ascertain the spatial relations existing
within extensive areal data sets. It should provide a systematic strategy for evaluating
management effects and be able to statistically prove changes or differences in an area’s
salinity condition over time. .

The salinity assessment syster described herein measures soil salinity in detail at the
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field scale and provides the information needed to accomplish successful management. It
consists of mobile instrumental techniques for rapidly measuring bulk soil electrical
conductivity (EC,) directly in the field as a function of spatial position on the landscape,
procedures and software for inferring salinity from EC,, computer-assisted mapping
techniques capable of associating and analyzing large spatial databases, and appropriate
spatial statistics to infer salinity distributions in rootzores and changes in salinity over
space and time. The remainder of this text briefly describes this assessinent technology
and illustrates its utility for evaluating irrigation, drainage and tillage management and
for locating areal sources of over-irrigation.

2. Assessment equipment and examples of use

Two kinds of mobile instrumental systems have been developed for measuring soil
salinity at the field scale: one uses four-electrode units to measure EC,; the other uses an
electromagnetic induction sensor, either solely or together with four-electrode units, to
measure EC,.

2.1. The mobile four-electrode system

In this system (see Fig. 1), the electrodes are combined into the ‘heels’ of tllage
shanks and mounted on a hydraulically controlled tool-bar attached to a tractor via a

ST, ¥R Y

Fig. L. Photograph of mobile, *fixed-array’ four-electrods system with GPS sntzana mounted on the mast.
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conventional three-point hitch. The distances between the electrodes are adjustable to
accommodate different crop spacings. Typically, four row-spacings (about 3—4 m) are
included in the measurement. The electrodes are drawn through the soil at a depth of
about 10 cm as the tractor moves across the field at a speed of 1.0 to 2.5 m/s. A Global
Positioning System (GPS) antenna is positioned above the electrodes and used along
with a receiver to determine the spatial position of each sensor reading (the unit now
being used is capable of real time accuracies of abdgut 0.2 m). The EC, and the GPS
signals are sensed at adjustable frequencies (as often as every second) and logged into
memory for later analysis of salinity /spatial relations. Thus, measurements of EC, are =
made toadepthofup to 1.0 to 1.3 m(~4 row-sPacmgs/B) about every 1 m or more, -
along the path of tractor travel. The four-electrode conductivity Martek meter used gwes' B
linear EC, readings up to 15 dS/m. This corresponds to soil salinity values, as 8
convcnuonally expressed in terms of the electrical conductivity of the extract of the
saturated soil-paste (EC,), of up to 45 to 100 dS/m, depending upon soil textire, The
EC-meter, the GPS receiver, and their power supplies and data loggers are contained in’
the water-tight, stainless stee] box mounted behind the tool-bar shown in Fig, 1. The .+
tractor operator is provided with a remote monitor (not shown) displaying dme, EC,™ ..’
reading and logging status. The analysis of the spatial data is carried out at the side’ of e
the field in a mobile office equipped with a computer and with testing equipment fur:. S
measuring the salinities (EC, basis) of soil samples collected for purposes of sensor- .: "%
cakibration (explained later).

Example output data obtained with the above described mobile, four-electrode
sensing system are presented in Fig. 2a, which shows EC, readings collected every
second (about every 1 m apart) as the tractor moved across a furrow irrigated, sugar beet
field (Glenbar silty clay loam soil) in the Imperial Valley of California. Average
rootzone soil salinities expressed in terms of EC,, as predicted from the measured EC,
data along the transect and as measured in some ‘calibration’ samples, are shown in Fig.
2b. The theory and methods used to predict soil salinity from the sensor readings and
limited calibration information, as well as ‘fast’, field methods for measuring EC,, are
described in detail elsewhere (Lesch et al., 1995ab; Rhoades, 1992b, 1993; Rhoades et
al., 1989a,b, 1990), As is shown here and in these earlier publications, the accuracy of
these predictions is generally very good. The accuracies of the predictions are always
quantitatively known from the statistical procedures used, though they are not shown
here,

If irrigation application and infiltration were uniform across the field involved with
Fig, 2, the value of EC, (and EC,) should be the same at each distance provided crop
stand and soil type were also uniform. However in this case, the EC, (and EC,) values
increased from the ‘head’ to the ‘tail end’ of the field; the coefficient ef variability (CV)
was 14.2% and the linear correlation coefficient (r) between EC, and distance down the
trapsect was 0.67. Thus, one may conclude from these rapidly (~ 6 min) obtained data
that the field is not uniform with respect to one or more of the three possibilities. In this
case, the crop was planted uniformly and the soil type was the same along the transect.
Hence, the findings imply that irrigdﬁon application, or infiltration, was not uniform
across this field, presumably due to reduced opportunity-time and infiltration of irriga-
tion water with distance from the point of water delivery to the furrows. Another factor
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likely influencing the salinity distribution within this field is the lateral transport of salt
that occurred in it as a consequence of the ‘cracking’ type of soil present in the field,
This latter aspect is discussed elsewhere (Rhoades at al., 1997). This example illustrates
how the spatial variation of average rootzone soil salinity can be used, assurning it is a
tracer of the interactions of water infiltration, evapotranspiration, leaching and drainage,
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Fig. 3. Relation between bulk soil electrical conductivity (EC,) and distance along a transect cmssmg
subsurface tile-draing in field (silty clay loam s0il) located in the Coachella Valley of Califomnia. ‘

to evaluate irrigation uniformity in fields which are relatively uniform in soil type and
cropping intensity.

An example of the marked effect that a subsurface drainage system can have on
average rootzone salinity is provided in Fig. 3, in terms of EC,. The corresponding
values of EC, (not shown) cycled between low values of about 2.5 dS/m to high values
of about 25 dS/m. The CV and r values for this EC ~distance traverse were 36.8% and
—0.20, respectively. This example involved a field of silty loam soil in the Coachella
Valley of California which had buried ‘tile-lines’ oriented perpendicular to the direction
of the EC,-traverse. In this field, soil salinity levels ‘mimicked’ the drainage system,
with high values of EC, {and EC,) occurring in the soil located between tile-spacings
and low values in the soil overlying them. These data suggest that most of the variability
in average rootzone salinity across this field was caused by the effects of the drainage
systere. They also imply that the drainage system there was inadequate, given the
circumstances of irrigation, soil type, geohydrology, etc. The distributions of salinity
within the rootzone depth of such fields will be discussed later; they give further
credence to the preceding conclusion.

The spatial pattern (average rootzone basis) of a neighboring field in the Coachella
Valley determined using the above described equipment is shown in Fig. 4. The average
profile EC, value of 10-12 dS/m measured within the 0-1.2 m depth in much of this
field is excessive for successful crop production. This observation itself is evidence of
the inadeguacy of the past imigation and drainage management in the field. Assuming
uniform irrigation and a leaching fraction of 0.05, the expected value of average
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Fig. 4. Map of average rootzone (0~1.2 m) soil salinity (EC, basis) in a tils-draineq feld (silty loam soii)
Iocated in the Coachella Valley of Californin.

raotzone salinity (as calculated using WATSUIT, Rhoades et al., 1992) would be about
2.1 dS/m under steady-state conditions of irrigation with the Colorado River water,
Since the average soil-profile salinity in this field of silty~loam soil (non-cracking soil)
exceeds 2.1 dS/m, one must conclude that the overall leaching fraction is negative
cither because of deficit-irrigation or because salt is being accumulated in the rootzone
from the upflux of saline water from the water table. Since the information supplied by
the irrigator showed thiat the applied water exceeded ET, the latter cause is deduced, The
salinity distributions found within the profiles over much of this field are presented later;
they also imply the cause is inadequate drainage.

2.2. The combination, mobile electromagnetic-induction / four-electrode system

This system involves a Geonics, EM-38 instrument mounted in froat of the transport
vebicle (a modified spot-spray tractor) within a vinyl ester pipe, as well as two-sets of
four-electrode arrays (having 1- and 2-m spacings between curent-electrodes, respec-
tively) mounted underneath the vehicle, as shown in Fig. 5. The EM-38 mounting tube
fastens to the vehicle by sliding over a short section of steel tubing. The ‘EM-tube’ is
rotated, to enable the EM-38 readings to be made in both horizontal (EMy) or vertical
(EM,) configurations, by means of a small gearhead DC motor and belt which operates
via a non-slip cable applied to the tube. The tube and ‘rotator' are mounted on a
hydraulic apparatus which elevates the EM-38 sensor to various heights above ground
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Fig. 5. Photograph of mobile salinity assessment vehicle with combined electromagmetic induction and
four-clectrode soil conductivity sensing systems.

and which also translates it in the horizontal direction, so as to dllow both EMy and
EM, measurements to be made sequentially at various heights above both the furrow
and seedbed regions of the soil. The four-electrode arrays are mounted on a hydrauli-
cally operated scissor-action mechanism which includes a sensor and control mechanism
to insert the probes sequentially to selected depths in the soil and also to correspond-
ingly measure EC, at both 1-m and 2-m array spacings in both the furrow and seedbed.
These changes in the height and orientation of the EM sensor, in the spacings of the
electrodes and in their positioning in relation to the furrow and seedbed are undertaken
in order to alter the depths and distributions of the EC, *sensing’ in the soil and rootzone
and, thus, to permit the determination of the salinity-distribution within the rootzone in
two dimensions (Rhoades, 1993). In Fig. 5, the EM-sensor and the four-electrode arrays
are both in the ‘up’, or ‘travel’, position.

An automated control system was developed to carry out the sequence of 52
operations involved in the full range of possible sequential *EM-38 and four-electrode’
measurements. The control system is based vpon switches and relay logic with auxiliary
electronic tming. The control system is operated via an interface control panel with
enable-buttons for actvating the EM and four-electrode sensor measurements and for
positioning the sensors over the furrow and seedbed in the case of the EM sensor and at
various depths in the furrow and seedbed in the case of the four-clectrode sensor. When
the position-button is enabled, the EM sensor is rotated to the vertical (EM ) configura-
tion and the carriage moves both the EM and four-electrode sensors to the selected
position (e.g., above the furrow or seedbed). The EM ‘start’ buiton then initiates the
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following automated sequence: (1) the EM,, reading is made and the reading is ‘stored’
in the data logger; (2) the EM-38 sensor is rotated to the horizontal position; (3) the
EMy, reading is made and logged; and (4) the EM-38 sensor is rotated back to the
vertical position. This sequence is repeated for each Y-Z position selected. Depressing
the four-electrode ‘start’ button initiates the following automated sequence: (1) the
scissors apparatus inserts the probes to the first depth limit, (2} EC, is measured at the
1-m array spacing, (3) the 1-m reading is stored in the data logger, (4) the m/logger is
switched to the 2-m array, (5) EC, is read at the 2-m array spacing, (6) the 2-m reading
is stored in the data logger, (7) the probes are inserted to the next depth limit (up to
5-depths are possible), and (8) steps (2)-(6) are repeated. After completion of the last
logging, the scissors apparatus lifts the electrodes from the soil and stores them in the
travel position. A small printed circuit board provides the necessary time delays for
reading and logging operations. The mobile unit then moves to the next measurement
site. All measurements at each site can be made in about 30-45 5. An earlier version of
the above described equipment and some other examples of its utilization are discussed
by Rhoades (1992a,b, 1994). A Cooperative Research and Development Act contract has
been developed with AG Industrial Manufacturing of Lodi, CA to commercialize this
systern. For more on the engineering and design of this system, see Carter et al., 1993,
Other simpler mobile, EM-systems have been developed to map soil salinity (Cannon et
al., 1994),

With the combined EM /four-clectrode equipment and limited calibration data,
salinity distributions within the rootzone can be inferred. Example distributions are
given in Fig. 6 for the furrow-irrigated and tile-drained field shown in Fig. 4. Relatively
lower salinities occurred in this field in the soil overlying the tile-lines and higher
salinities occurred in the soil located in between the tile lines. Additionally in this fieid,
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Fig. 6. Relation between salinity distribution and mean level of salinity in a tile-drained field (silty loam soil)
located in the Coachella Valley of California.
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as shown in Fig. 6, the distribution of salinity in the sofl profile varied in relation to the
mean level of salinity {(which in tum varied in relation to the tile-line location). These
distributions and relations imply, since the field was not deficit irrigated, that salinity is
high in the areas of the field where the net flux of water has been upward in the field (in
the region of the field located in between the drain lines} and is low in the areas (in the
regions overlying the drain lines) where the net flux has been downward, that is where
leaching has occurred. These data show that the salinity distribution(s) in the rootzone of
an irrigated and tile-drained field can be used to infer the direction(s) of net water flux
occurring in the different areas of the field and, hence, to assess the adequacy of the
drainage system in interaction with the on-going irigation management (the two are
interrelated) existing there. In this case, the drainage system is concluded to be
inadequate given the manner of irrigation, or geohydrologic situation, or both, existing
in the field; since the level of salinity in the rootzone is excessive for normal crop
production and the net flux of water is upward over too much of the field. A more
quantitative discussion of how the distribution of salinity within the soil profile can be
used to infer leaching /drainage adequacy is given later.

The salinity distributions in the upper part of the rootzone (0-0.5 m) of the same
Coachella Valley field involved in Figs. 4 and 6 are portrayed in Fig. 7. These data
indicate that the salinity levels and patterns within the seedbed of much of this field are

2-D Salinity Distribution Patterns in Soil Profiles
Kohl Farm, Coachella Valley
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Table |
Percent area of Borba-farm field with soil salinities (EC, basis)within various ranges
Soil salinity (dS/m) Soil depth ()

0-0.3 0.3-0.6 0.6-09 09-1.2 0-1.2
0-2 14 44 7 15 3
2-4 41 32 34 3t 49
4-8 36 17 22 25 2
816 9 ] 16 17 16
>16 0 1 10 11 2
Table 2
Percent area of furrow-irrigated, Borba-farm fiald by different sail safinity (EC, basis}—depth profile types
Profile ratio ProfHe type % Area
>0.75 very negative leaching 5
0.50-0.75 negative leaching 23
0.35-0.50 excess leaching i7
0.20-0.35 normal leaching 35
<020 low leaching 20

not only excessively high but also are related to the mean profile salinity levels, which
in turn are related to the drainage pattern, These data further indicate that the drainage
system in this field is inadequate. The salinity distributions in this silty~loam soil are
clearly two-dimensional, as would traditionally be expected under conditions of furrow
irrigation. These results are in contrast to the one-dimensional profiles observed in clay
textured, ‘cracking’ Imperial Valley soils. The data and reasoss for this difference are
given elsewhere (Rhoades et al,, 1997), .

Salinity ‘distribution’ data obtained with the ‘combination sensor system’ in two
ather flelds (both near each other in the San Joaquin Valley of California) are given in
Tables 1-3 to further illustrate how information about the levels and distributions of
salinity within the rootzone obtained with this equipment can be used to evaluate the
adequacies of salinity control and irrigation and drainage management. The percentages
of the Borba-farm field having levels of salinities with certain ranges are given in Table
1, By reference to salt-tolerant tables, one can estimate how much yield loss caused by

Table 3

Percent area of sprinklec-irrigated, field by different soil salinity (EC, basis)~-depth profile types
Profile ratio Profile type % area

>0.75 very negative leaching 0

0.50--0.15 negative leaching 3

0.35-0.50 excessive leaching 3

0.20-0.35 normal leaching 71

< (L20 low leaching 13
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such salinity conditions would result for any given crop. For example, assuming the crop
is alfalfa (which has a threshold EC, value of 2.0 dS/m and rate of yield loss of 13%
for each unit of EC, in excess of 2.0; Maas, 1990) and its effective depth of rooting is
1.2 m, one would estimate the relative yield loss due to salinity to be as follows by
percentages of the Borba field: 0% loss in 3% of the field, 14.6% loss in 49% of the
field, 44% loss in 29% of the field, and 100% loss in 18% of the field. Thus, on a whole
field basis, the expected salinity induced loss in relative alfalfa yield would be 38%. The
economic significance of this yield loss in tum can be calculated given other cost
information and used to evaluate the econornic impact of salinity on the profit-line of the
operation of this field and also to evaluate the affordability of improving the manage-
ment to eliminate the salinity-induced yield losses.

As explained earlier, the information of salinity by depth and location in the soil
profiles of irrigated fields acquired by the ‘combination system' can also be used to
assess the adequacy of the past leaching and drainage practices. For example, where
salinity is high in the near-surface soil of non-deficit irrigated fields and decreases with

" depth in the profile, the net flux of water (and salt) can be inferred as having been
upward. This is reflective of inadequate drainage. Where salinity increases with depth in
the profile, the net flux of water and salt can be inferred as having been downward.
When salinity is low and relatively uniform with depth, leaching can be inferred as
having been excessive, probably contributing to water-logging elsewhere. As shown
previously (Table 29 in Rhoades et al, 1992), an approximate relationship can be
established between steady-state leaching fraction (L) and the ratio: EC, in the top-half
of the rootzone/the sum of EC, throughout the profile. This relationship (see Fig. 8)
betwesn L and the latter ratio (salinity profile ratio, P) is: L = 0.01843 (¢*%). Thus,
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one can infer the approximate degree of leaching from the salinity profile ratio, which,
in turn, can be determined from the data acquired with the ‘combination system’. As an
example, the percentages of a furrow-irrigated cotton field in the San Joaquin Valley of
California are given in Table 2 by classes of profile values. Inverted salinity profiles
(values > 0.50) occurred in 28% of this field. Such profiles are indicative of the net
upward flux of water for the reasons previously given. We speculate, knowing that the
irrigator applied water in excess of ET in this field, that excessive deep percolation
occurred in the pre-season and early-season irrigations, causing a ‘mounded, perched’
water table which was the source of the water and salt that subsequently ‘subbed’ back
up into the rootzone. Profiles with salinity distributions indicative of excessive leaching
without causing mounding and the subsequent upflux (L values of greater than 0.3;
salinity profile values of 0.35-0.50) occurred in 7% of the field, and profiles with
salinity distributions indicative of normal leaching (L values of less than 0.3; salinity
profile values < 0.35; salinity increasing with depth) occurred in only 55% of the field.
Such data indicate that the leaching /drainage management is inadequate over much of
the field. The analogous percentages obtained in a nearby San Joaquin Valley field (this
one sprinkler imigated) are given in Table 3. While both fields were of the same soil
type (SiCL) and water table depth (~ 1.5 m), quite different results were obtained.
Hardly any of the sprinkler-irrigated field had inverted (upward-flux) profiles; the
desired normal leaching profiles were evident over 84% of the field. These examples
show the improved irrigation, drainage and salinity management that can result from the
use of the more efficient and uniform method of sprinkler irrigation compared to
furow-irrigation, These data further illustrate the utility of the assessment system and of
detailed spatial information of soil salinity and its distribution through the rootzone to
evaluate the adequacy and effectiveness of irrigation and drainage systems and practices.
Maps of the areas with excessive leaching or of inadequate drainage can easily be
prepared from these data to display the areal extent and locations of these areas. It may
be possible to further quantify the degree of leaching in such areas from knowledge of
salinity distributions and patterns, provided drainage is adequate, using salt balance
approaches and additional spatial data of water applications and evapotranspiration, as
suggested shown elsewhere (Rhoades, 1980, 1981; Slavich and Yang, 1990; Dowling et
al., 1991), but more research is needed in this regard.

Besides irrigation and drainage, tillage and tractor traffic-patterns have been observed
in some of our intensive, spatially referenced data sets to significantly affect soil salinity
levels and distributions in fields. Tractors typically move through the fields in a
systematic way, as dictated by the invoked practices of seedbed /furrow preparation,
culfivation and tillage. As a result, tractor weight is repeatedly exerted in some furrows,
but not in others, leading to cyclic patterns of compaction among some sequential sets of
neighboring furrows. Similarly, tillage and cultivation operations are often implemented
using equipment with guide/depth wheels which similarly lead to other analogous
definable ‘traffic’ patterns. As a result, some furrows can become more compacted than
others leading to reduced water-intake rates and to relatively increased lateral water flow
rates and, hence, to higher salinity levels in both the associated furrows and beds.
Systematic, cyclic differences observed in the salinity patterns of some irrigated fields
surveyed with the ‘combination’ equipment were found to *mimic’ the traffic patterns
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undertaken with the tillage equipment. An exampie is shown in Fig. 9, in which the EC,
readings obtained in a succession of neighboring furrows are presented. The furrows in
which the tractor tires travelled are indicated by an inverted triangle. The EC, values
associated with the spline fit (the plot of the *running average' of neighboring values) of
the readings are indicated by the dotted line. The differences between the individual EC,
values for each furrow and its spline-fitted value are presented in Fig. 9b. These data
show that EC, is substantially higher in each furrow the tractor tires travelled compared
to its neighboring furrows. They also show that EC, is substantially lower in each
furrow that is ‘sandwiched’ between ‘travelled’ furrows. The other furrows have EC,
values that are only slightly higher, or lower, than its neighbors, as would be expected if
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there was no cyclic pattern or significant difference between them (that is, if all the
furrows were essentially the same in their degree of compaction), The observed salinity
pattern across this succession of furrows was clearly cyclic in nature and related to the
tractor traffic pattern that had been followed in the field. In some fields displaying this
phenomenon, the EC, values in adjacent beds of furrow-irrigated fields have differed
from their neighbors by as much as 4 dS /m, or more. Analogous cyelic patterns of soil
salinity have been observed in other ‘surveyed’ fields that were caused by deep
chiselling actions of subsurface tillage operations. In this case, the data obtained led to
the inference that water had infiltrated and flowed preferentiaily in the tillage ‘slits’ and
then flowed horizontally out into the adjacent soil causing salinity to be lower in the
vicinity of the ‘slit’ compared to the inter-slit soil areas (data not shown). In one
‘surveyed” field which had been ‘ripped’ to 0.5 m with chisels, markedly abrupt cyclic
pattems of EC, were observed that mimicked the tillage patterm. An excavation and
detailed examination of the soil profile was made at the cyclic locations where the
abrupt changes in EC, were measured. This examination revealed (once the topsoil was
removed) the presence of deep narrow trenches, or cracks, approximately 2.5 cm wide in
the soil underlying the ‘disced” topsoil. An interesting feature of these ‘cracks’ was that
they were full of dry aggregates of surface soil that had fallen down into them. Hence,
such ‘cracks’ not only provide preferential paths for water flow, but as well provide a
means for soil particles and associated organic matter to ‘fall’ to deeper depths in the
soil profile and thus a means by which certain pesticides and other relatively immobile
chemicals may translocate in soils that is not accounted for in classical solute fransport
theory. This observation would not have been made without the use of our detailed
spatial measurement system.

3. Salinity conversion and mapping theory / software

Several of the examples given above to show the utility of the assessment equiprnent
involved results expressed in terms of soil salinity, as conventionaily determined using
soil samples and laboratory procedures. The most effective use of the mobile sensor-sys-
tems described above requires a rapid, accurate method for converting EC, measure-
ments to EC, values. The various ways that EC, may be measured and that EC, may be
determined from EC, are reviewed by Rhoades (1993). EC, can be predicted from EC,
with sufficient aceuracy for the practical needs of salinity assessment using knowledge,
or reasonably accurate estimates, of the clay and water contents existing in the soil
profile at each EC, measurement site (Rhoades et al., 1989b, 1990). While this method
is suitable when EC, measurements are made by hand-held equipment, it is impractical
for the large numbers of sites sampled with the mobile assessment systems. For this
reason, we developed a practical methodology to estimate soil salinity from extensive
EC, survey data, using limited calibration data of EC,, various surface-trend parameters
and multiple linear regression (MLR: Lesch st al,, 1992). These ‘MLR’ techniques were
shown to be theoretically equivalent to geostatistical, cokriging techniques, but to be
more cost-effective and practical, (Lesch et al., 1995ab). The MLR technique is an
appropriate method when the secondary data can be acquired quickly and cheaply and
where a strong correlation exists between the primary and secondary variables. This last
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requisite involving comelations between EC, and EC, was previously validated by
Rhoades et al. (1989b, 1990). With the assessment system described herein, a series of
easily obtained EM and/or four-electrode instrument readings are acquired across a
field using a systematic survey scheme, the density of which varies with need and
variability. A limited number of soil samples (typically about 8~12) are then acquired
from a specially selected, subset of measurement-sites (as explained below) and
measured for salinity (the rapid field method of Rhoades et al., 1989 is most practical
for this purpose; Rhoades, 1996). A MLR equation, of the type shown in Eq. (1), s
subsequently established with the co-located data and tested for residual spatial autocor-
relation:

log(EC.) = ay + a;[log(EMy)] + ,[log(EMy) — log(EMy)]. (1)

If the residuals are independent (or reasonably so), the MLR approach is deemed
adequate for salinity assessment involving the prediction, mapping, and monitoring of
soil salinity. Kriging for interpolation purpose is used to predict salinity, at sites where
no secondary information (i.e., EC, measurements) exists. The accuracy of the salinity
predictions can be increased by incorporating the four-electrode data, s well as location
coordinates, into the MLR equation. The uncertainty in the predictions of salinity are
provided along with the predicted values. This methodology is explained in more detail
elsewhere (Lesch et al., 1992, 19952) and is contained within a software package that we
developed to facilitate the implementation of the salinity assessment technology de-
scribed herein and in the presentation and interpretation of the data (Lesch et al., 1995¢).

An important requisite of the MLR approach is that the locations of the soil salinity
calibration sites must be spatially representative of the eatire survey area, This requisite
was satisfied by implementing a newly developed spatial sampling procedure (Lesch et
al., 1995b). The calibration site selection algorithm developed ensures that linear,
quadratic and interaction terms in the MLR model can be accurately estimated. The
algorithm also provides decision rules for selecting the final MLR model variables,
Theory and tests of appropriateness of both the MLR approach and the calibration
sampling /siting algorithm are described in detail elsewhere (Lesch et al., 1995a,b). The
procedures are also given in the salinity assessment software package of Lesch et al.
(1995c). Additionally, we have developed other software to process the mobile, four-
electrode transect data for the purposes of plotting transect ‘profiles’, evaluating
irrigation variability and producing salinity maps. The user manual for this software is
presently in preparation.

A statistical test based on the above described MLR procedure /theory has also been
developed and demonstrated to be suitable for monitoring changes in soil salinity over
time, but will not be described in this paper for lack of space. A description of this
methodology, as well as an example of its use for monitoring soil salinity, is given by
Lesch et al, (1997).

4. Summary and conclusions

This paper describes an integrated package of instrumental systerns and data-
processing methodology for intensively measuring EC, and x, y coordinates and for
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determining detailed spatial patterns of salinity within soil profiles and fields (for
inventorying and monitoring soil salinity). It also presents examples of its utility for
evaluating the appropriateness of the irrigation, drainage and tillage management
practices (including determining the areal sources of irrigation-pollution) of which
salinity is an indicator. The technology package described is unique and represents a
breakthrough in our ability to rapidly and accurately assess soil salinity in irrigated
lands.

Results presented in this paper show that much of the apparent chaos in the spatial
pattern of soil salinity in irrigated fields is man-induced and related to the interacting
irrigation, drainage, and tillage management practices. As our examples show, the
particular edaphic and management practices causing the salinity patterns in individual
fields can often be ascertained using the described integrated salinity assessment
technology and procedures. Since salinity is a tracer of water flow, the instrumental
systems and associated data analysis technology may have a much broader application
than just salinity assessment. For example, the technology could potentially be used to
identify or define the underlying rootzone and field-scale processes affecting the
transport of individual solutes (i.e., nitrates or pesticides) in irrigated fields and to assess
irrigation uniformity and degree of leaching.
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PHYSICAL AND CHEMICAL PROPERTIF OF MAJOR
IMPERIAL VALLEY SOILS

Eugene R. Perrier, Arnold J. MacKenzie,
and Robert P. Zimmerman 2

INTRODUCTION

Knowledge of the soil's chemical and physical properties is
required to interpret the crop production potential and to evaluate
engineering and conservatiorn practices. Although soil survey reports
of observable physical characteristics of soil provide valuable
information, interrelated physical and chemical measurements at
standardized locations provide useful scales of reference in the
establishment of soil management practices, such as tillage,
irrigation, drainage, salt balance, and fertilization,.

The alluvial soils of the Imperial Valley of California are
composed of highly stratified Colorado River deposits, largely from
mixed sedimentary rock material transported from the Grand Canyon
area of Arizona, The variations in the soils are due mostly to
textural differences caused by the manner and sequence in which the
alluvial material was deposited. The deposits vary considerably in
texture; both vertically and horizontally. Cropping and soil management
practices for the approximately 500,000 acres of irrigated land within
the Valley, in general, are affected and influenced predominantly by
these soil textural characteristics. Since most of the variation within
soil types appears to be due to textwe, and since management
practices vary due to textural differences, an evaluation was made of
the relationships between soil texture as measured by particle size
distribution and factors such as soll moisture retention, infiltration
rate, hydraulic conductivity, surface area, and other physical and
chemical characteristics.

1/ Contribution of the Agricultural Research Service (ARS) and
the Soil Conservation Service (SCS), U.S. Department of Agriculture,
in cooperation with the Illinois Agriculiural Experiment Station.

2/ So0il scientist, ARS, and assistant professor of soil physics,
Department of Agronamy, University of Illinois, Urbana, Ill.; soil
scientist, ARS, Brawley, Calif.; and soil scientist, El Centro Work
Unit, 8CS, El Centro, Calif., respectively.
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Approximately 80 percent of the cultivated area in Imperial
Valley can be classified within six phases representing four soil
series as follows:

T
e

1. Imperial series (clays and silty or sandy clays more than
40 inches deep).

a. Imperial silty clay.

2. Holtville series (fine textures ~- clay to clay loam,
overlying contrasting coarser textures at depths of 20 to
36 inches). '

a. Holtville silty clay (silty clay over loams to sandy
loams).

b. Hoiltville silty clay, sandy substratum (silty clay over
loamy fine sands to fine sands).

3. Indio series (silt loams, loams, and very fine sandy loams
more than 40 inches deep).

a, Indio loam.
b. Indio very fine sandy loam, sandy substratum (very fine
sandy loam over loamy fine sands to fine sands).

4. Meloland series (medium or coarse textures -~ loams to fine
sands, overlying contrasting fine textures -- clays to clay
loams, at depth of 16 to 35 inches).

a. Meloland very fine sandy loam,

Sites for the six soil profiles were selected {fig. 1), and at each
site a pit was dug, The soil profile description was recorded, and
soil samples were taken for chemical and physical analysis. Bulk
soil samples (300 pounds or 30 gallons) were taken from each
significant layer as determined from the soil profile description.

PHYSICAL METHODS

The field soil samples were crushed and passed through a 2-mm
sieve. Subsamples were taken from each layer and sent to the U.S,
Salinity Laboratory, Riverside, Calif., where the fraction percentages
of specific clay types were identified (Z) .3/ particle-size distribution
by pipette analysis {6) was measured by the Soil Survey Laboratory,
SCS, Riverside, Calif. Additional subsamples from each site were sent
to the California Division of Highways Laboratory, San Diego, Calif.,
where measurements of Atterburg constants (2) and maximum compaction
density at optimum: moisture were made,

3/ Underscored numbers in parentheses refer to Literature
Cited, p. 18.
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A Kelly core sampler (5) was used to obtain samples (four
replications) for determining bulk densities for each soil layer at a
specified depth. The average infiltration rate was determined at
each site by use of six infiltrometer tubes (4), 12 inches in diameter
by 24 inches in height.

Soil moisture retention curves on crushed sieved samples were
obtained by means of pressure~-plate apparatus (10) for suctions of
1 bar or less, and pressure-membrane apparatus (3) was used for
suctions greater than 1 bar.

CHEMICAL METHODS

Soil salinity, soluble anions and cations, soil reaction (pH),
cation exchange capacity and exchangeable cations, sodium adsorption
ratios, and other determinations were made in accordance to procedures
described in USDA Agricultural Handbook 60, Organic matter was
determined by the method described by Aguilera and Jackson (1).
Organic nitrogen was determined by the Kjeldahl method (3). Total
phosphorus and the various phosphorus fractions were determined by
methods outlined in "Methods of Soil Analysis* {8).

RESULTS
Soil Series

The soils in this study were all classified as Alluvial Soils in
the 1938 USDA Yearbook, "Soils and Men". Before the new system of
soil classification (about 1959), the soils studied here best fitted the
Regosol concept of Azonal Soils. They are classified as Torriorthents
and Torrifluvents (11).

Parent materials of the soils studied here are unweathered
lacustrine sediments, largely from mixed sedimentary rock material
transported by the Colorado River. The silts and fine sands of these
sediments may have been reworked by wind. In the desert climate of
the study area, these soils are well drained, but drainage phases
under irrigated agriculture are the usual situation. The general slope
of these soils on the old lake bed is nearly flat except along certain
fault lines where vertical displacement has occwred. Locally, there
is a dune microrelief in areas where sands and silts have been moved
by wind. .

These soils differ from each other and from associated soil
series only in texture and stratification. Significant differences in
texture of the control section (10 to 40 inches in depth) or significant
strata of contrasting texture within the section are criteria for
separation at family or series level.
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The soils studied are used principally for irigated agriculture
and dominate mapping units that cover approximately 80 percent of
the nearly 500,000-acre irrigated area of Imperial Valley. Of this
80 percent, Imperial silty clay comprises about 40 percent, Holtville
mapping units about 20 percent, Meloland mapping units about 12
percent, and Indic mapping units about 8 percent.

Physiography

The soils of the study area all lie within the beach line of
ancient Lake Cahuilla, Within this area on the lake plain, there are
no consistent relationships between soils and surface features.

" Climate

The climate of the Imperial Valley is hot and dry east of the
Peninsula Coast Range of mountains in the low basin of the Colorado
Desert and shut off from the moderating effects of the ocean. The
rainfall is very low, because the region depends on the westerly
winds from the Pacific Ocean for its supply of rain, These winds, in
crossing the coastal mountain range, precipitate their molsture on the
western slopes. They pass over the low desert basin (in general
below sea level) as hot, arid winds.

The Imperial Valley (at El Centro) has an average annual rainfall
of only 2.72 inches. Throughout the year, the relative humidity is
fairly high for a desert region: the annual average being 30 percent.
During July and August, the average relative humidity increases and
does not decrease until sometime in September. In July and August,
the prevailing winds change from westerly to southeasterly, which
brings in moist air from the Gulf of California.

April and May are associated with the greatest wind velocities,
and average 3.8 miles per howr daily. These climatic variations do
not affect the normal distribution curve of evapotranspiration, because
June, July, August, and September are essentially the same; the
average being about one-third inch per day during this period. The
climate is highly favorable for crops, an average of 314 days between
frosts and 12 days of frost,
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Description of Soil Series

Imperial Series

The soils of the Imperial series have a fine-textured conirol
section, which usually contains less than 0.2~percent carbon, and is
dry unless irrigated. These characteristics plus climatic setting and
high shrink-swell ratio make it a Vertic Torriorthent. Imperial soils
are in the fine, montmorillonitic (calcareous), hyperthermic family of
the subgroup.

Holtville Series

-

The soils of the Holtville series have no diagnostic horizon,
The conirol section contains strongly contrasting fine textures over
loamy particle-size classes and is dry unless irrigated, The Holtville
series is a member of a clayey over loamy, montmorillonitic (calcareous),
hyperthermic family of Typic Torrifluvents. A taxadjunct of the Holtville
series with a control section of fine over sandy particle-size classes
is included in this study.

Meloland Series

The soils of the Meloland series have no diagnostic horizon,
The control section contains strongly contrasting coarse loamy over
fine particle-size classes and is dry unless irrigated. The Meloland
series is a member of a coarse-loamy over clayey, mixed (calcareous),
hyperthermic family of Typic Torrifluvents.

Indio Series

The soils of the Indio series have no diagnostic horizon. The
coarse silty control section usually contains less than 0.2-percent
carbon and is dry unless irrigated. The Indio serles isa member of a
coarse-silty, mixed (calcareous), hyperthermic family of Typic Tormrior-
thents. A taxadjunct of the Indio series with a coarse silty over sandy
control section is included in this study.




Profile 1:

LOCATION:

CLASSIFICATION:
VEGETATION:
CLIMATE:

PARENT MATERIAL:

TOPOGRAPHY:

ELEVATION:

DRAINAGE:

SOIL. MOISTURE:
REMARKS:

Soil Profile Descriptions

Imperial Silty Clay

Imperial County, Calif, Near center of NW1/4 N1/2
Tract 118, sec., 15, T 13 5., R, 14 E,, San Bernardino
Base Meridian., Approximately 1,170 feet west,
1,000 feet south of gate 116~AA, Best Lateral 1. From
East Main Street, Brawley, 3 1/2 miles north along
Best Canal, west 0.2 miles on Best Lateral 1 to

Vertic Torriorthent, fine montmorillonitic (calcareous)
hyperthermic family.

Gultivatefi, fallow after sugar beets,

Annual average precipitation, 2.72 inches; average
annual temperature, 72° F. Average frost-free
growing season 314 days, January 29 to December 9.

Recent lacustrine sediments,

Lacustrine basin, nearly level, less than l-percent
slope to north.

150 feet below sea level,

Runoff slow, permeability slow, well drained, water
table not observed.

Dry in Ap, slightly moist below.

pH determined by Truog color test. Very little
variation of pH or effervescence. No coarse fragments.
Platy structure noted, may be microstratification.

Thick plates break with conhchoidal fracture when dry.
Minor strata of lighter texture are sometimes found

at varying depths within the profile. Vertical cracks
up to 1l inch wide and 6 feet deep, spaced about 1 foot
apart, are sometimes filled with lighter textured
materials.
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Horizon Depth Description

Inches

Ap 0~13 Pinkish-gray (7.5YR 6/2) silty clay, brown

Cl1 13~

(7.5YR 5/4) moist; moderate coarse and very
coarse subangular blocky; very hard, very
firm, sticky and plastic; few very fine to
coarse random exped roots; common very fine
to fine discontinuous random pores; moderately
alkaline {pH 8.1); strongly effervescent; few
fine white gypsum efflorescences; clear
smooth boundary.

60 Light-brown (7.5YR 6/4) silty clay, brown
(LOYR 4/3) moist; weak medium to very coarse
platy; very hard, very firm, sticky and
plastic; very few very fine exped roots;
moderately alkaline (pH 8.1); strongly
effervescent; discontinuous horizontal lenses
of loamy fine sand up to 2 inches thick at
42~inch depth. Common fine white gypsum
efflorescences to a depth of 36 inches. Horizon
arbitrarily sampled for characterization at
13~ to 2B-inch and 28- to 42-inch depths.

Profile 2:
LOCATION:

CLASSIFICATION:

VEGETATION:

CLIMATE:

PARENT MATERIAL:

TOPOGRAPHY:

ELEVATION:

Holtville Silty Clay, Over Medium Textures

Imperial County, Calif. Tract 109, sec. 7, T. 14 8,,
R. 14 E., San Bernardino Base Meridian, in the ARS
Imperial Valley Conservatlon Research Center Farm
at the middle of north end of plot F~2, approximately
35 feet south of field road.

Typilc Torrifluvent, clayey over loamy, montmorillonitic
(calcareous), hyperthermic family,

Cultivated, fallow after barley.

Average annual precipitation 2.72 inches; average
annual temperature, 72° F. Average frost~free
growing season 314 days, January 29 to December 9.

Recent lacustrine sediments.

.Lacustrine basin, nearly level, less than l-percent

slope to north,

90 feet below sea level.
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DRAINAGE:

SOIL MOISTURE:

REMARKS:

Runoff slow, permeability slow, well drained,
water table not cbhserved,

Dry in Ap, slightly moist below.

pH determined by Troug color test, Very little
variation of pH or effervescence. No coarse
fragments. Platy structure noted may be micro-
stratification.

Horizon

Depth

Description

Ap

Cl

C2

C3

Inches

0-10

10-22

22-33

33-50

Pinkish~gray (7.5YR 6/2) silty clay, brown
(7.5YR 4/2) moist; weak coarse subangular
blocky and weak very coarse platy; very hard,
very firm, sticky, and plastic; few fine and
very fine random roots; mildly alkaline

(pH 7.8); strongly effervescent; clear smooth
boundary.

Light-brown {(7.5YR 6/4) silty clay, brown

(7 .5YR 4/2) moist; weak medium subangular
blocky and weak very coarse platy; very hard,
firm, sticky and plastic; few fine and very
fine random roots; few discontinuous very fine
pores; mildly alkaline (pH 7.8); strongly
effervescent; vertical lenses of silt, few

fine white gypsum efflorescences; abrupt
smooth boundary.

Light-brown (7.5 YR 6/4) silty clay, brown
(7.5YR 4/4) moist; moderate coarse platy;

very hard, friable, slightly sticky and plastic:
few fine and very fine roots; mildly alkaline;
strongly effervescent; horizontal silty partings;
few fine and medium gypsum efflorescences

in cracks; clear smooth boundary,

Pink (7.5YR 7/4) loam matrix, yellowish brown
moist, with light-brown (7.5YR 6/4) silty clay
microstrata, brown (7.5YR 5/4) moist; massive;
hard, friable, nonsticky and slightly plastic;
very few very fine roots in vertical cracks;
mildly alkaline; strongly effervescent; loam
strata 1/2 to 1 inch thick interbedded with
silty clay partings up to 1/4 inch thick; few
fine distinct rusty stains; slight cross bedding:
vertical cracks up to 1/2 inch thick filled

with silty clay loam; clear smooth boundary,
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C4 50~56 Pink (7.5YR 7/4) loamy very fine sand, light
yellowish brown (l0YR 6/4) moist; massive;
slightly hard, very friable, nonsticky and
slightly plastic; few very fine roots in vertical
cracks; mildly alkaline (pH 7.8); strongly
effervescent; microstrata crossbedded; clear
wavy boundary.

C5 56-66 Very pale-brown (10YR 7/3) very fine sandy
loam matrix, light yellowish brown (10YR 6/4)
moist; with pale-brown (10YR 6/3), very fine
sandy loam horizontal microstrata, brown
(10YR 4/3) moist; massive; slightly hard,
friable, nonsticky and slightly plastic; very
few very fine roots in vertical cracks; mildly
alkaline (pH 7.8); strongly effervescent;
§lightly crossbedded microstrata with matrix
layers 1/8 inch thick separated by 1/16 inch
thick minor strata.

Profile 3: Holtville Silty Clay Taxadjunct, Coarse~-Textured
Substrata
\ LOCATION: Imperial County, Calif, Near center £1/2 SW1/4

Tract 130, sec. 6, T. 13 8., R, 13 8., R. I3 E,,
San Bernardino Base Meridian, approximately 250
feet west, 700 feet north of gate 179, Trifolium
Lateral 9, 2 1/4 miles north of U.S, Highway 99
along Trifolium Lateral 9.

CILASSIFICATION: Typic Torrifluvent, clayey over sandy, montmorillonitic
{calcareous), hyperthermic family.

VEGETATION: Fallow after cotton,

CLIMATE: Average annual precipitation, 2.72 inches; mean
annual temperature, 72° F. Average frost-free
growing season 314 days, January 29 to December 9.

PARENT MATERIAL: Recent lacustrine sediments.

TOPOGRAPHY: Lacustrine basin, nearly level, less than l-percent
slope to the north.

ELEVATION: 190 feet below sea level.

DRAINAGE: " Slow runoff, permeability is slow over moderately

rapid. Well drained.
SOTL. MOISTURE: Moist.

10
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REMARKS;

Truog color test used to determine pH. Vertical
cracks approximately 2 inches wide filled with
loamy fine sand in the fine~textured horizons.
Few minor strata of fine-textured material in
coarse~textured substrata.

Horizon Depth Description
Inches
Ap 0~17 Light-brown (7.5YR 6/4) silty clay, yellowish

browrn (10YR 5/4) moist; massive and weak,
medium subangular blocky; very hard, very
firm, sticky and very plastic; common very
fine and few fine random roots; few very fine
random tubular pores; moderately alkaline
(pH.8.0); strongly effervescent; clear smooth
boundary.

C1 17-24 Light-brown (7.5YR 6/4) silty clay, brown

(7.5YR 5/4) moist; moderate, medium platy;
very hard, firm, very sticky and very plastic;
few fine random roots; common very fine
random ftubular pores; moderately alkaline
(pH 8.0); strongly effervescent; clear smooth
boundary.

C2 24~35 Very pale-brown (10YR 7/3) loam, brown

(10YR 5/3) moist; massive; slightly hard,
friable, slightly sticky and slightly plastic:
common very fine random roots; many very
fine random tubular pores; moderately alkaline
{(pH 8.0); strongly effervescent; abrupt smooth
lower boundary,

C3 35-72 Very pale~brown (10YR 7/3) loamy fine sand,

brown (10YR 5/3) moist; single grain; weakly
coherent, very friable, nonsticky and non-
plastic; very few {fine random tubular pores;
moderately alkaline (pH 8.0); strongly
effervescent.

Profile 4:
LOCATION:

CLASSIFICATION:

Meloland Loam

Imperial County, Calif, Near center of north side
of NE1/4 NE1/4 Tract 93, sec. 16, T. 13 8.,

R. 14 E., San Bernardino Base Meridian,
Approximately 175 feet south, 1,150 feet east of
bridge over Spruce 3 drain on Highway 111,

Typic Torrifluvent, coarse loamy over clayey,
mixed (calcareous), hyperthermic family.

11




VEGETATION: Fallow after cotton.
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CLIMATE: Average annual precipitation, 2.72 inches; average
annual temperature, 729 ¥, Average frost-free
3 growing season 314 days, January 29 to December 9.

PARENT MATERIAL: Recent lacustrine sediments.

i TOPOGRAPHY: Lacustrine basin, nearly level, less than l-percent
o slope to north.

ELEVATION: 150 feet below sea level.

st DRAINAGE: Well drained.

SOIL. MOISTURE:  Slightly moist.

REMARKS: pH determined by Truog color test. Very little
variation pH or effervescence. No coarse fragments.
Platy structure noted may be microstratification.
Thin strata of lighter texture found within the fine
textured substrata in some places.

Horizon Depth Description
Inches '
Ap 0-12  Light-brown (7.5YR 6/4) loam, brown (7.5YR 5/4)

moist: massive; slightly hard, very friable,
slightly sticky and plastic; few medium and
coarse roots, many fine and very fine random
roots; mildly alkaline {pH 7.8); violently
effervescent; abrupt smooth boundary.

Cl 12-18  Very pale-brown (10¥R 7/3) loamy fine sand,
brown (10YR 5/3) moist; massive and single
grain; weakly coherent, very friable, nonsticky
and slightly plastic; few fine to very fine
horizontal roots; mildly alkaline (pH 7.8);
violently effervescent; microstrata crossbedded;
abrupt wavy boundary.

C2 18-26 Very pale-brown (L0YR 7/3) silt loam, brown
(10YR 5/3) moist; massive; hard, friable,
slightly sticky and plastic; few fine and very
fine random roots; common fine and very fine
tubular pores with rusty linings; mildly
alkaline (pH 7.8); violently effervescent;
intermittent horizontal lenses of very fine
sandy loam up to 2 inches thick at 19 inches,
intermittent horizontal lenses of silty clay
up to 2 inches thick at 23 inches; abrupt wavy
bhoundary.

12
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C3 26-38 Pink (7.5YR 7/4) clay, brown (7.5YR 5/4)
moist; moderate very fine platy structure; very
hard, firm, very sticky and very plastic; few
very fine vertical and horizontal roots; few
very fine tubular vertical pores; mildly alkaline
(ph 7.8); strongly effervescent; few fine white
gypsum efflorescences; thin vertical cracks
spaced about 1 foot apart filled with loamy
very fine sand; gradual smooth boundary.

IR S A OFL LT AANE ), s,
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C4 38-53 Pink (7.5YR 7/4) clay, brown (7.5YR 4/4)
moist; massive; very hard, very firm, very
sticky and very plastic: few fine roots in
vertical cracks and irregular fractures; mildly
alkaline (pH 7.8); strongly effervescent; many
large white gypsum efflorescences in vertical
cracks and irregular fractures; diffuse smooth
boundary.

G5 53~71 Pink (7.5YR 7/4) clay, brown (7.5YR 4/4)
moist; massive; very hard, firm, very sticky
and very plastic; few very fine random roots;
very few, very fine discontinuous tubular pores;
mildly alkaline (pH 7.8); strongly effervescent
with disseminated carbonates; many large white
gypsum efflorescences in vertical cracks and
irregular fractures to 59 inches, common medium
_ rusty stains below 59 inches.

Profile 5: Indio Loam

LOCATION: Imperial County, Calif. Near the center of the
NE 1/4 NE 1/4, sec. 29, T, 16 S., R, 13 E.,
San Bernardino Base Meridian, approximately 850
feet east, 400 feet north of gate 123, Wisteria
Lateral 8. About 0.4 miles west of Wulf's Crossing
and south of New River,

CIAS'SIFICATION: Typic Torriorthent, coarse-silty, mixed (calcareous)
hyperthermic family,

VEGETATION: Cultivated, disked up after lettuce harvest,
- CLIMATE: Average annual precipitation, 2,72 inches; average
- annual temperature, 72° F, Average frost-free
growing season, 314 days, January 29 to December 9.
PARENT MATERIAL: Recent lacusirine sediments.

TOPOGRAPHY: Lacustrine basin, nearly level, less than l-percent
slope toward north.

ELEVATION: 25 feet below sea level,




DRAINAGE: Runoff slow, permeability moderately slow, well
drained, water table not cbserved.

SOIL MOISTURE:  Dry in Ap, slightly moist below,

# REMARKS: pH determined by Truog color test. Very little
variability of pH, or effervescence; no coarse
fragments, Platy structure noted may be micro-
stratification. Contrasting minor strata of coarser
or finer textures may be at any depth., Vertical
cracks 1/8 to 1/4 inch thick, 3 to 12 inches apart,
up to 5 feet deep, filled with material from upper
horizons. Crossbedding may be result of reworking

St

by wind.
Horizon Depth Description
Inches -
Ap 0-12 Pinkish-gray (7.5YR 6/2) loam, dark gray-

brown (10YR 4/2) moist; moderate medium
subangular blocky; slightly sticky and slightly
plastic; plentiful very fine random roots; few
very fine pores; moderately alkaline (pH 8.2);
strongly effervescent; abrupt wavy boundary.

Cl 12-30 Very pale-brown (10YR 7/3) very fine sandy loam,
brown {10YR 4/3) moist; massive and weak fine
platy; slightly hard, very friable, nonsticky
and nonplastic; few very fine random roots;
very few very fine pores; moderately alkaline
(pH 8.2); strongly effervescent; crossbedding
in microstrata approximately 1 mm thick; few
fine distinct rusty stains in cracks; gradual
wavy boundary.

PR R E St 1

C2 30-44 Pink (7.5YR 7/4) loamy very fine sand, brown
(10YR 5/3) moist; massive and weak fine platy
structure; weakly coherent, very friable,
nonsticky and nonplastic; few very fine random
roots: very few very fine pores; moderately
alkaline; strongly effervescent; crossbedded
microstrata approximately 5 mm thick, few large
strong brown (7,5YR 5/6) moist stains in cracks,
diffuse wavy boundary.

R T DA MR Y Y B W T e
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C3 44--58 Pink (7.5YR 7/4) loamy very fine sand, brown
(L0YR 5/3) moist; massive and weak fine platy;
soft, very friable, nonsticky and nonplastic;
very few very fine vertical and horizontal roots;
common very fine and fine continuous dendritic
open pores with dark linings; moderately
alkaline (pH 8.2); strongly effervescent;
crossbedded microstrata about 5 mm thick;
diffuse wavy boundary.

14
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Cc4 58-72 Pink (7.5YR 7/4) loamy very fine sand, pale

brown (I0YR 6/3) moist; massive and weak fine
platy structure; soft, very friable, nonsticky
and nonplastic; very few very fine vertical

and horizontal roots: few very fine to fine
continuous dendritic pores; moderately alkaline;
strongly effervescent; crossbedded microstrata
about 5 mm thick,

Profile 6:

LOCATION:

CLASSIFICATION:

VEGETATION:

CLIMATE:

PARENT MATERIAL:

TOPOGRAPHY:

ELEVATION:
DRAINAGE:

SOIL MOISTURE:

REMARKS:

Indio Very Fine Sandy Loam Taxadjunct, Deep Over
Coarse Textures

Imperial County, Calif, Near the center of El/2
lot 14, sec, 6, T. 158., R. 15 E., San Bernardino
Base Meridian, approximately 530 feet west, 550
feet north of the headgate of Redwood Lateral 1.

4 1/2 miles north, 3/4 mile west of Meloland
Experiment Station.

Typic Torriorthent, coarse-silty over sandy, mixed
(calcareous) hyperthermic family.

Barley stubble,

Average annual precipitation, 2.72 inches; average
annual temperature, 720 F. Average frost-free
growing season, 314 days, January 29 to December 9.

Recent lacustrine sediments.

Lacustrine basin, nearly level, less than l-percent
slope toward north,

100 feet below sea level.

Runoff medium, permeability moderately slow, well
drained, water table at 73 inches.

Dry in Ap, noted below.

pH determined by Truog color test. Very little
variability of pH or effervescence. Platy structure
notes, may be microstratification. No coarse
fragments. Crossbedding may be result of reworking
by wind.




Horizon Depth Description
Inches

Ap 0-13  Pink (7,5YR 7/4) very fine sandy loam, brown
(7.5YR 5/4) moist; moderate medium subangular
blocky structure; slightly hard, friable,
nonsticky and slightly plastic; common very
fine and fine random roots and few medium
vertical roots; common very fine and fine
continuous random exped pores; moderately
alkaline (pH 8.2); violently effervescent with
disseminated carbonates; clear wavy boundary.
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Cl 13-27 Pink (7,5YR 7/4)} very fine sandy loam, brown
(7.5YR 5/4) moist; massive and weak coarse
platy structure; slightly hard, very friable,
nonsticky and slightly plastic; common very

=8 fina random roots; few fine horizontal roots:

common very fine continuous random pores;

b moderately alkaline (pH 8, 2); violently

S effervescent; few fine rusty stains in thin

| vertical and horizontal cracks; faint crossbedding;

gl gradual wavy boundary.

h

o p

&, c2 27-37 Pink (7.5YR 7/4) loam; brown (7,5YR 5/4) moist;
i3 massive; slightly hard, friable, slightly sticky

e and slightly plastic; few very fine random roots;
few very fine random pores; moderately alkaline
(pH 8,2); violently effervescent; rusty stains

in pores and fractures; abrupt smooth boundary,

C3 37-72 Very pale-brown (10YR 7/4) loamy fine sand,
light brown (7.5YR 6/4); single grain; loose,
nonsticky and nonplastic; moderately alkaline
(pH 8.2); strongly effervescent: crossbedded
to 42 inches, horizontal bedding below 42
inches, accumulation of soft black nodules
58 to 62 inches,

Physical Measurements

The clay fraction analyzed are presented in table 1-4/ and confirm
that clayey soils should be classified montmorillonitic as this clay
type was predominant in all samples analysed. The particle~size
distribution analysis is shown in table 2 for a wide range of sieve
fractions. The Atterburg constants and the maximum compaction density
at the optimum moisture content are presented in table 3. Table 4 shows
the moisture retention data, and table 5 presents the average soil bulk
density determinations. The average soil surface infiltration rates for
the six soils are given in table 6,

4/ All tables are grouped together at the end of this report.
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Chemical Measurements

The chemical analyses of soil salinity, soluble anions and
cations, pH, exchange capacity, gypsum, calcium carbonate, free
iron oxides, exchangeable sodium and potassium, sodium adsorption
ratio, and other determinations are given in tables 7 and 8. The
organic nitrogen, organic carbon, and organic matter analyses are
shown in table 9. Table 10 presents the chemical analyses of total
phosphorus and the various phosphorus fractions.

Relations Between Clay Content {<2u) and Physical
and Chemical Properties

LY

To assist in comparing and interpreting the interrelationships
of the physical and chemical properties of Imperial Valley soils, the
data were entered into an IBM 360-75 computer, and various
correlations and linear regression analyses were made, The results
comparing clay content (<2:) to various physical and chemical
properties are given in table 1. Significant correlation coefficients
were obtained for the relations between clay content and moisture
retention (at all suctions), liquid limit, plastic index, saturation
percentage, cation exchange capacity, gypsum content, free iron
oxides, total surface area, organic matter, organic nitrogen, and
total phosphorus.

Relations Between Saturation Percentage and Physical
and Chemical Properties

Clay content (<2u) was well correlated with many physical and
chemical properties including the saturation percentage, Because of
the ease in determining saturation percentage, an analysis of these
relations te soil properties was made (table 12). The saturation
percentage data gave the same levels of significance as obtained by
the clay content. By using the linear relationships found between the
easily determined saturation percentage and other more difficult to
measure soil properties, the other more difficult to measwre soil
properties can be predicted or estimated,

Relations Between Sodium Adsorption Ratio and Some
Selected Chemical Properties

The results of correlation analyses comparing sodium adsorption
ratio (SAR) to exchangeable sodium percentage (ESP) and pH are given
in table 13, No significant relation was found between SAR and ESP,
but a significant correlation coefficient was obtained for the relation
between SAR and pH. The relation between ESP and pH was not
significant,
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(2)

(4)

(9)

(10)

(11)
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APPENDIX TABLES

Table 1 -~ The fraction percentages of clay for each profile soil sample.

3 ' Traction Percentage 2/
Soill Depth Mt Mi Q+F Chl Verm Am Kaol
Inches
Imperial sic 0-13 32 28 i%9 7 1 2 0
Holtville sic 0-10 35 © 28 18 6 8 2 0
50-66 46 30 14 9 0 2 1
Holtville sic 0-17 40 28 18 7 0 2 0
Taxadjunct 35-72 42 28 14 8 2 2 0
Meloland 1 0-12 43 29 16 8 0 2 0
18-26 45 29 14 8 2 2 0
38-71 41 28 16 7 2 2 0
Indio 1 0-12 40 30 17 7 0 2 h]
Indio visl 0~13 43 28 15 B 2 #]
Taxadjunct 3772 44 28 15 B 3 2 0
Averages 42 29 16 8 2 A 1

1/ sic = silty clay
1 =loam

vigl = very fine sandy loam
2/ Mt = montmorillonite

Mi = mica
Q+F = quartz plus feldspars
Chl = chlorite
Verm = vermiculite

Am = amorphous minerals
Kaol = kaolinite
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Table 3 -~ Atterburg consgtants and maximum compaction density at optimum
moisture for major soils of Imperial Valley

FIE L E T FOR] SRR Lo

; Maximum compaction
I density at optimum
Atterberg constants ‘ moisture
1/ Liguid Plastic Plasticity Optimum Maximum
Soil Depth limit limit index moisture  density
Inches  Percent Percent Number Percent Lb/#t3
Imperial sic 0~-13 58.0 22.7 35 16.0 112.0
13-28 57.4 22.3 36 16.5 109.0
28-42 58.3 -« 23.0 35 16.0 111,0
Holtville sic 0-10 49.9 20.9 29 15.0 112.,5
10~22 58.0 21.4 37 10.0 110.0
33-50 31.7 23.2 8 17.0 108.5
50-66+ 27.0 24.1 3 6.5 131.0
Holtville sic 0-17 53.7 21.4 32 13.5 116.5
Taxadjunct 17-24 59.9 21.8 38 15.0 114.0
24-35 37.5 18.7 19 13.0 115.0
35~72+ 23.5 23.6 -- 14,5 106.0
Meloland 1 0-12 27.3 19.8 7 13.0 117.5
12-18 24,5 24.3 - 15.0 108.0
18-26 31.0 20.8 10 14,0 113.5
26-38 65.8 21.7 44 15.5 110.0
38-53 61.8 22.8 39 14.0 112.5
Indio 1 0-12 27.6 20.6 7 i0.0 121.5
12-30 29.8 23.7 6 15.5 109.0
44-58 28.9 22.2 7 14.0 112.5
Indio visl 0-13 28.5 19,7 9 14.0 117.0
Taxadjunct 1327 26.0 21.6 4 15.0 114.0
27-37 26.3 23.0 3 17.5 105.0
37-62 23.5 23.4 et 6.0 105.5

1/ sie=silty clay
visl=very fine sandy loam
1=loam
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Table 4 ~- Soil moisture retention data for the major soils of Imperial Valley—l/

Moisture content (dry weight basis)

at specified suctions (bars)

Soilg-/ Depth 0.1 0.3 1.0 2.0 5.0 15.0
Inches Percent Percent Percent Percent Percent Percent

Imperial sic 0-13 41.1 32.9 26.4 26.0 20,7 18.6
13-28 45,7 36.8 30.7 29.2 24.72 23.1

28~42 46,2 37.7 30.9 29,1 24,7 22.8

Holtville sic 0~10 41,1 30.8 24.4 23.9 19.4 16.8
10-22 41,4 33.3 27.6 26.5 22.6 19.4

33-50 42,3 , 30.4 14.8 12.6 16.0 9.3

50~ 66+ 39.8 13.0 7.6 7.1 5.9 5.1

Holtville sic 0-17 36.8 30.2 24.8 24,4 19.5 16,6
Taxadjunct 17-24 43,9 34.5 29.6 28.0 23,1 20,2
24-35 37.8 31.4 22.3 19.0 14.8 11.8

35-72+ 20,0 6,2 5.0 4.3 3.7 3.1

Meloland 1 0-12 28.8 14.6 14.0 10.3 8.3 6.9
i2-18 20.4 6.7 5.2 5.0 4,2 3.8

18-26 37.7 24.2 18.0 11.8 9.5 7.9

26~38 45.8 37.6 31.2 30.3 24,5 21.9

3B-53 46,0 37.4 31.9 30.8 24.6 21.3

indio 1 0-12 30,2 19.6 13.0 12.8 10.3 8,3
12-30 40.0 21.8 16,9 11.3 8.9 7.1

44-58 37.6 10.6 10.7 6.4 5.3 4,7

Indio visl 0-13 30.8 18.2 14.2 12.6 10.1 8.1
Taxadjunct 13-27 32.8 14.8 10.6 8.7 7.1 5.8
27-37 35.2 22 .8 13.8 10.9 8.6 6.8

37-62 9.0 5.3 4,3 3.5 3.1 2.4

1/ Determined on artifacts of crushed, sieved samples.
2/ sic=silty clay
visl=very fine sandy loam

1=loam
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ty Table 5 -- The average bulk density and standard deviation (four replications)
i gt field moisture conditions for the major Imperial Valley soils

% Soil—l/ Depth Bulk density
5% Inches g/cm?

Imperial sic 0--12 1,37+ 0,12

12-24 1.52 & .03

24-36 1.5+« ,06

36-48 1.55+ .08

48-60 1.52+ ,02

60-72 1.56 & .03

Holtville sic 0-12 1.40+ .06

12~24 1.51+ .01

24~-36 1.50+ .01

36-48 1.46+ ,02

48-60 1.48 £ .03

60-72 1.50+ .07

Holtville sic 0-6 1,104+ .06

Taxadjunct 6-12 1,43+ ,05

12-18 1.50% .03

18-24 1,50+ .04

24-30 1.56 & .04

30~-36 1.66 % .06

36-42 : 1.61+ .04

42-48 1.60% .01

48~54 1.66+ ,04

54-60 1.69+ .02

Meloland 1 0-6 1.29%+ .16

6-12 1.42 & .08

12-18 1.46 x .04

18-24 1.41+ .06

24-30 1.41& .09

30-36 1.44 & .03

36-42 1,48+ .03

42-48 1.59% .02

48-54 1.55& .05

54~60 1.58% .05

Indio 1 0-12 1.63 £ .06

: 12-24 1.48 £ .03

24~36 1.46 £ .03

36-48 1,53 & ,02

48~ 60 1.59+ .06

6072 1.64+ ,04

See footnote at end of {able
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Table 5 -- continued

, Soil"l/ Depth Bulk density
,. Inches g/cm3
Indio vEsl 0-6 .39 = .08
Taxadjunct 6-12 1.49 £ ,02
<1 i2-18 1.52 « .03
18-24 1.58 + ,01
. 24-30 1.60 + .03
{ 30-36 1.66 £ .04
. 36-42 1.67 £ ,04
i 49-48 1.74& ,03
48-54 1.70 £ ,02
g 54-60 1.68 £ 11
1/ sic=silty clay

Hi visl=very fine sandy loam

1=loam

H

!

"‘ Table 6 -~ The average infiltration rate (for an 8-hour period), standard
deviation, and coefficient of variation (six replicatio o}

i the major Imperial Valley soils

so11Y/ Infiltration Coefficient of
i rate variation

o In/hr Percent

3 Imperial sic 0.051+0.010 19.6

i .

Holtville sic .092 = 039 42.4
Holtville sic .396 + .318 80.3

bl Taxadjunct

Meloland 1 .315 & ,083 26.3

il Indio 1 .208 = 116 55.8
Indio visl 267 £ .163 60.9
Taxadjunct

1/ sic=silty clay

visl=very fine sandy loam

M 1=loam
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Table 9 -- Organic nitrogen, organic carbon and organic matter

Organic Organic Organic
Soil—l/ Depth nitroge Z carbong/ matteré/
Inches P/m Percent Percent
Imperial sic 0-13 784 0.68 1.19
13-28 378 .30 .52
28-42 374 .28 .48
Holtville sic 0-10 746 .82 1.41
10-22 488 .43 .74
35-50 232 .30 .51
50-66+ 126 14 .24
Holtville sic 0~17 558 .52 .90
Taxadjunct 17-24 318 .22 .38
24-35 238 .20 .34
35-72+ 52 .05 .08
Meloland 1 0-12 476 A2 .73
12-17 91 .08 13
17-26 231 .23 .40
26-38 354 .26 .44
38-53 374 .26 .44
Indio 1 0=-12 498 .48 . 82
12-30 310 .44 .76
44-58 110 12 .20
Indio visl 0-13 354 W31 .54
Taxadjunct 13-27 134 A1 19
27-37 136 .13 22
37-62 32 .03 .06

1/ sic=silty clay
visl=very fine sandy loam
l1=1lvam
2/ ¥jeldahl method.
3/ Calculated from organic matter: Organic carbon = percentage of
organic matter/1.72,
4/Walkley-Black method: Percentage of organic matter = (meg K9Cr207}
(0.69)/g soil.
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Table 11 -~- Linear recression analvsis of clay content {<2u} as related to a given soil property

Correlation Significance
Soil Property Siope Intercept coefficient level 1/
Physical measurements
Moisture retention (bars):
0.1 0.3338 27.2383 0.682 g w#
.3 ,5044 10,5520 . 885 g **
1.0 L4627 6.1857 .957 S *%
2.0 LAB71 3.7812 .982 g **
5.0 L4004 2.9593 .982 § ¥
15.0 L3450 2.4020 .993 g w¥
Soil bulk density (g/cm3) e ——— - .384 NS
Atterburg constants:
Liquid limit {percent) L7881 18.8934 .9B4 g **
Plastic limit (percent} =000 ceeees erme - ,205 NS
Plastic index (No.) .B06E - 3.6802 .989 5 *%
Optimum moisture content (percent) @~  ==w;we o 261 NS
Maximum density (ib/ft3)  eeeeee e -, 029 NS
Chemical measurements
Saturation extract determinations:
Electrical conductivity (mmhos/cm) = smeeee e -.227 NS
Total cations (meg/l} = eaooe- T -.113 N§
Total anions {meq/l} = eemewn e ~-,089 NS
Sodium adsorptionratio 000000 @ ceeeew eeeeee. -,220 NS
Soil determinations;
Saturation (percent) 1.2530 18,0602 0.969 5 ®*
Catlon exchange capacity (meg/100qg) . 5460 6.2440 .984 g **
Exchangeable sodlum (percent) e o s - ,324 NS
Exchangeable potassium (percent} = wwe—me ecwooo ~ 266 NS
Gypsum {meq/100 g) L0586 L6557 ,480 8 *
Calcium carbonate equivalent @ = === weseee ceeaeee .178 NS
{percent CaCO3)
Free iron oxides (percent FeqOg) .0134 .4924 .908 S ek
Total surface area (m?/g) 3.4573 30.1160 .986 § ww
Organic matter determinations;
Organic matter (percent) .0087 L2537 .539 g k¥
Organic nitrogen (p/m} 7.5022 121.0291 . 704 5 **
Phosphorous analysis:
Extractable~P {p/m} e e L1608 NS
Total~-F (p/m) 4,6842 560.,2998 . 748 g ®¥

1/ Significance level with 23 samples each,

§ =gignificant correlation.
* = S-percent level,
*#% = ]-parcent level,
NS =nonsignificant correlation
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Table 12 -~ Linear reqression analysis of soil saturation percentage as related to given soil property

Correlation Significance
Soll property Slope Intercept coefficient level 1/
Phvsical measuwements
Moisture retention {bars):
0.1 0.2850 21.4250 0.756 g **
.3 .4143 2,6811 .940 8 **
1.0 .3664 ~ ,3348 L8980 8 *%
2.0 L3774 - 2.6589 ,984 g %k
5.0 * ,3085 ~ 2,2436 .978 g **
15, L2837 - 2.0017 .587 5 *%
Soil bulk density (g/em®) 00 mmmeee e - ,401 NS
Atterburg constants: .
Liguid lmit (percent) .59286 9,4019 ,957 g %
Plastic limit {percent)] =000 seesee cceasees - ,240 N8
Plastic index (No.) . 6083 -13.4855 .965 5 *%
Optimum molsture content (percent) = —w—=eme  camemee .386 NS
Maximum density (Ib/ft3) =00 @ eeemee mmmmeee - .070 NS
Chemical measurements
Saturation extract determinations:
Electrical conductivity {mmheos/cm) = cessee 0 s - .,114 NS
Total cations {meg/l} 00 cmemee cdmmea 02 NS
Total anions {meg/I) smmemes mmmeee .043 NS
Sodium adsorptionratic 00000 memawme ceesmesee - .125 NS
Soil determinations:
Cation exchange capacity (meq/100 g) 0,4220 -0,9218 0.984 8 ®%
Exchangeable sodium (percent) @ = se=seee meeeae - .365 NS
Exchangeable potassium (percent)] = ~reew- R— - L 348 NS
Gypsum (meg/100 g) L0551 - ,6164 .583 g #*
Calcium carbonate equivalent =000 oseeeee e ot n .308 NS
{percent CaCO3)
Free iron oxides (percent FezO3) L0104 .3148 912 5 &%
Total surface area (m2/g) 2,6574 -14.4842 ,980 g
Organic matter determinations:
Organic matter (percent) , 0068 .1590 .493 g *
Organic nitrogen (p/m) 5,3865 43,7488 LB54 g **
Phosphoroug analysis:
Extractable~P {(p/m} = ememmen e L076 N§
Total-P {p/m) 3.828¢e 488,1472 .791 g **

1/ Significance level with 23 samples each,

S = gignificant correlation
* = S~ pearcent level
** = | -percent level
NS =nonsignificant correlation

L o et g e
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Table 13 ~- Linear rearession analvsis of the sodium adsorption ratig as
related to exchangeable sodium percentage and pH

% Correlation  Significance
; Soil property Slope  Intercept coefficient level 1/
: Exchangeable sodium et e ——————— 0.021 NS

(percent) (ESP)

pH 0.0167 7.5576 .820 S ®*

1/ Significance level with 23 samples each.

NS = nonsignificant correlation
S = significant cormrelation
*% = |=percent level

v GPO 7TH2.58
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ABBTRACT

The objectives of this study were to determine the amount of water
reduction which can be tolerated by alfalfa during the summer, the
conseguent soil salinity increase and yield reduction and to
determine 1if seven cultivars of alfalfa differed in their ability
to withstand periods of drought.

Four irrigation treatments were applied to seven alfalfa varieties
in 1991, 1992 and 1993 as follows:

U T N s AR s e e e e stk . S o i o S A Y A O S S ottt ot T o e W M MUY WA Al Aol b e bt b e b e by i e oy oy Y} T o >

Number of irrigations
Irrigation .
Treatment July August September

Optimum Check 3
Minimal stress 3
Short stress 3
Long stress 0

T i A T W o ot B bt e ey Ty T TR TR W - . o —— W W ol s e (bl doi s i ks Sl b e ek e

WATER SAViNG AND YIELD REDUCTION

A comparison of the three drier treatments to the optimum,.

Irrigation Number of Average Yield Average Water
treatments irrigations Reduction Saved
compared to saved per tons/acre/year acre—feet/acre/year
Optimum’ YEBAL m e s o s e e e e e
1 1+2 1+24+3 1 1+2 14243
————————————————————— Year Years Years Year Years Years
Optimum - minimum 2 0.39 0.54 0.66 0.27 0.16 0.17
Optimum - short 4 1.79 1.60 1.68 1.30 1.25 1.17
Optimum - long 7 2.86 2.34 2.31 2.17 2.08 2.04

TN MR Mt Gkl G Yk st st M M S oo 0 o W Sy e e S e R WAL MRS VAT WK WS el W W i e e i ek mim A WL M Mk Bk dmd e e ' e e Y o P W e A rn e ErR S A

VALUE QF WATER

Assuming a value of $100/ton for alfalfa the water value per acre-
foot saved by the minimum, short and long treatments were:

T T W o AR W W St b ) e e e Sains i Y W e A ] S D A il b Al e e e T g W Vit i S e T A A AR W T W R o ks b e e oy P T

Irrigation Average value of each acre~-foot saved ($/acre-foot)
treatment = @ meememee e e
1st 1st & 2nd ist,2nd & 3ed
vear years years
Minimum 144 338 388
Short 138 128 144
Long 132 113 113



The soil saturation extracts corrected to field capacity in each
irrigation treatment area over the three years that the irrigation
treatments were applied, the leaching irrigation afterward and the
growth of a subsequent sudan grass crop, is shown in the following
table:

!

Soil profile averagé saturation extracts (dS/m) at field capacity
during and after the alfalfa experiment.

A I L M s Sl M i il e g ot A S P M A i W Wl ol ik ok Mk ek o i e . S WL WAL AT U WA MR AR WL WAL L i e ey P VO L S e KA AR AR WA WD S K ek o mn Flit At i o e Y

Period Date Opt Min Short Long Sig Profile
average
Start 1/2/91 6.3 6.4 6.5 6.3 n.s. 6.4
End 1st year 10/16/91 6.3 6.8 8.4 B.5 n.s. 7.
End 2nd year 10/20/92 6.1 5.1 7.9 B.2 5% 7.1
End 3ed year 10/19/93 6.0 6.0 8.3 7.6 n.s 7.0
Leaching 3/2/94 6.0 6.1 7.2 7.5 n.s 6.7
Sudan cut 6/21/94 5.4 5.4 6.6 6.2 n.s 5.9
Sudan cut 8/10/94 5.7 6.4 6.4 6.0 n.s 6.1

AN R LS AL s i i o L 0 L A S S S A L W S ok e g ) P T AL St i oy Ty S SAU AL AR b ik o e Y VL LM, i i Sy o U S S s e 7 P Y R O o . S Lt o o S R B

It was concluded that the optimum +treatment did not
accumulate a salinity residual. The minimum treatment had a
salinity increase the first year but then corrected during the next
two years. The short and long treatments had soil salinity
increases during the treatments that was improved but not corrected
by a leaching irrigation after the alfalfa was removed. The soil
salinity residual from all of the treatments was removed by growing
a sudan crop following the alfalfa crop.

The three year total dry weight yielids of cultivars showed a
significant difference in the driest treatment. Highest yields were
in the group of UC Cibola, CUF 101, and UC 150. The intermediate

group contained Moapa 69, Wilson, and Mesilla. The lowest vield was
from Dofari.

1i
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ALFALFA WATER STRESS MANAGEMENT DURING SUMMER MONTHS IN IMPERIAL
VALLEY FOR WATER CONSERVATION

Frank E. Robinson!

This project addressed the opportunity of making agricultural
water in the Imperial Valley available for urban uses during times
of urban water shortage. It 1s based on the premise that
agricultural lands need not be removed from production and that no
significant shift in crop pattern will need to be adopted.

Alfalfa is a major crop in the Imperial Valley and is also a
high water user. Crop stressing with concurrent reduction in vields
is one strategy for reducing water application to alfalfa. Although
water stressing may appear to be a counter-productive practice, it
may be effective under certain conditions. The relationship between
alfalfa yield and water use is not constant during the year. Using
information summarized in the University of california Leaflet
21097 (Lehman 1979) on alfalfa production in the low desert valleys
of California, the ratio of yield to water use was determined for
each month. Lowest ratios of yield to water use are found from July
to November. Reportedly, some years ago, the practice in the
Imperial Valley was to withhold irrigation during August and
September to withstand soil pathogen attack during this period.
Stand survival was the primary concern. Return to this practice
might result in significant water savings with minimal yield
reduction. A single 4.8~inch irrigation on Imperial Valley’s
193,000 (Birdsall, 1991) acres of alfalfa requires 77,200 acre-feetl
of water. For each irrigation eliminated, this much water would be
"saved." The cost of such irrigation "saving" to the alfalfa
producer is unknown and is the basis for this research report.

OBJECTIVES

The objectives of this experiment are to determine the amount
of irrigation water reduction during the summer which can be
tolerated by alfalfa; to examine the economics of irrigation
reduction on alfalfa; and to determine if alfalfa cultivars and
germ plasm CUF 101, Cibola, Moapa 69, UC-150, Mesilla, Wilson and
Dofari differ in their ability to withstand periods of drought
during the summer in Imperial Valley. Dr Larry R. Teuber? will
provide carbohydrate, nitrogen, fiber and mineral composition
analysis for this study in an appendix at a later date. These data
were used by Dr Robert S. Loomis’ in the growth model "ALFALFA" to
simulate changes induced by the irrigation treatments.

1. Frank E. Robinson, Water Scientist Emeritus, University of

California, Davis and Desert Research and Extension Center.
.2. Larry R. Teuber, Associate Professor of Agronomy, University

of California, Davis.

3. Robert 5. Loomis, Professor of Agronomy Emeritus, University
of California, Davis.



MATERIALS AND METHODS
PLOT LAYOUT

Soil in the experimental area on the Desert Research and
Extension Center is a Holtville clayey over loamy, montmorillonitic
(calcarious), hyperthermic Typic Torrifluvent. Mechanical analysis
of the irrigation plots was done in 15 cm (6 in.) increments to 1.2
m (4 feet). The west side of the plot area has a clay layer
extending into the 60 to 90 em (2 to 3 foot) depth overlying a
sandy clay while the east side has a clay layer to only the 30 to
60 cm (1 to 2 foot) depth above a sandy clay sublayer. Tile drains
are at the 1.80 m (6 foot) depth and run diagonally across the
area. A water table that fluctuates around the 170 cm (6 foot)
depth was monitored from the center of each replication.

The experiment consisted of four irrigation treatments with
three replications north to south in three separate parallel
randomized block experiments side by side east to west (Figure 1).
The three randomized block experiments were placed to isolate the
different soil conditions in the east to west direction. The
border check irrigation system had borders 18.3 m (60 feet) apart
and were 83 m (270 feet) long. Because the soils developed deep
cracks as they dried, unplanted strips were left on either side of
the planted alfalfa plots and irrigated with the alfalfa. Keeping
the unplanted strips moist kept them from cracking and prevented
water movement from one irrigation treatment to the next. The 3.66
m (12 foot) unplanted strip was the size of the disk that was used
to remove weeds from the unplanted area when the alfalfa plots were
dried for cutting. The alfalfa plots were in a strip 9.1 x 83m (30
X 271 feet). Plots inside the strip were in two columns of 1.5 ¥x
5.5 m (5 x 18 feet) plots, a 30 cm (1 foot) strip was maintained
between and on either side of the columns. A 60 cnm { 2 foot) space
vas maintained between plots in the column. On each side of the
plots was a 2.6 m (8.5 foot) strip of CUF 101. There were three
sets of the 7 varieties, one for each soil condition designated as
west, center, and east. The irrigation treatments are shown in

table 1. The irrigation treatment layout is shown in Figure 1 and
the cultivar sequence in Figure 2.

IRRIGATION TREATMENTS

Table 1. Irrigation treatments imposed during the summer months.

Number of irrigations
Irrigation

Treatment July August September

Optimum check 2 2
Minimal stress 3 1 1
Short stress 3 0 0
Long stress 0 o 0

(%)



FIELD PLOT LAYOUT
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Figure 1. Lower, single cultivar plot; center, irrigation treatment plot showing three locations
with seven cultivar plots in cach; top, 4.5 acre field plot showing 12 irrigation plots.
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Figure 2. Diagram of cultivar plot sequence in irrigation treatments.



The soil moisture was monitored from neutron access tubes with
measurements before and after irrigation and before and after
cutting. Tubes were placed 1.2 m (4 feet) deep and read in 15 cm
(6 inch) increments. The top 15 cm (6 inches) was determined with
gravimetric soil samples. In addition, neutron access tubes were
placed in the unplanted area in each replication to a depth of 1.9
m (6.5 feet). They were in one treatment receiving no irrigation
for at least two months adjacent to one receiving water during
every irrigation. A piezometer was placed one meter from the tube
in the unplanted area to measure the water table depth, chloride
concentration and electrical conductivity. A Stevens meter
recording the water table in the field next to the experimental
area was also monitored. An analysis of variance was performed on
the change in the profile average soil moisture content for each
successive neutron soil water measurement. Changes in soil moisture
were compared to CIMIS (California Irrigation Management
Information System) reference evapotranspiration (ETr) calculated
over a short grass on the Center approximately 400m (1200 feet)
from the experimental plots.

Soil salinity was measured from saturation extracts of samples
taken from 30 cm (one foot) increments to 120 cm (four feet) of
depth on the east and west set of plots for all treatments. Samples
were taken on January 2, June 4, September 4, and October 16, 1991.
Analysis of variance was performed on the profile average salinity
from successive measurements of each of the four depths and the
profile average.

In 1992 chloride content and electrical conductivity of soil
saturation extracts in the border next to the CUF 101 plots were
determined in March, June, August and October . In 1993 these
measurements were taken in February, June, August and October.

ALFALFA YIELD AND MEASUREMENTS

Alfalfa plots were planted and irrigated on October 23, 1990.
Treflan, a preplant herbicide, was sprayed and disk harrowed prior
to planting. In March 1991 plots were cut to allow the alfalfa to
outgrow a weed problem. A few larger weeds were treated with
roundup. The first harvest on April 17, 1991 was followed in the
separate irrigation treatments as shown in Table 2.

Table 2. Harvests in four irrigation treatment plots in three

Irrigation
Treatment 1891

9
Optimum Check 8
Minimal stress 8
Short stress 6
Long stress 5



The short and long stress treatments were not harvested during the
time they were not irrigated. This allowed the standing stalks to
shade the crowns from direct soclar radiation. Stand data were
obtained to evaluate this practice.

Stand counts were taken after harvest in May, July, and October
each year in each variety plot. The center of each count area was
marked with an iron spike and located with a metal detector. a 0.1
m hoop was centered on the spike to locate the same area for each
successive count. Analysis of variance was performed on the counts.
Degree of cover of each plot was rated periodically on a scale of
one to ten prior to cutting and analyzed by analysis of variance.
Whitefly damage was assessed on a scale of 1 to 5 on October 21,

1991. Weed numbers per plot were recorded after the termination of
the irrigation treatments in 1991.

For each harvest, helght measurements were taken prior to
cutting. Root samples were taken from the CUF 101 plots to deter-
mine carbohydrate accumulation in April, June, July, August,
September and October. Sub-samples were taken from the CUF 101
plots for nitrogen, fiber, and mineral composition analysis. The
green weight, percentage dry weight, and dry weight yield were
measured for each of the 252 plots for each harvest. When four of
the irrigation treatments were harvested the analysis of variance
was done with four treatments, when three were harvested the
analysis was with three treatments, and two with two treatments.

RESULTE AND DISCUSSION

The depth of the water table recorded in the short stress
treatment plot from a 5 cm diameter well in each of the three
replications is presented in Figure 3. Simultaneously the depth to
the water table in an adjacent field was recorded on a Stephens
meter. The peak depths to the water table recorded on the Stephens
meter during 1rr1gatlon in the adjacent field did not produce
response peaks in the water table in the experimental plot area.

After the differential irrigation treatment had been completed
in October of each year the amount of water replaced in the
unplanted strips between the treatment plots was measured as shown
in Figure 4. There was less than 1 cm (0.25 inch) loss from any 15
cm (six 1nch) layer below the top. The loss of water was primarily
in the top 15 cm (6 inches) which had cracked to a visual depth of
only 5 cm (2 inches). This indicated the effectiveness of the wet
unplanted barrier between treatments that had prevented deep
cracking and subsequent water movement between plots.

A summary of the water extracted by the alfalfa is presented in
Table 3. These data show: 1} the CIMIS ETr over a short grass for
each interval, 2) the water extractegd during the same interval
between 1rrlgatlons 3) the water replaced at the end of the
interval as measured by the neutron probe and gravimetric soil
sample and 4) the ratio of the extracted water to the Etr of

6
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Figure 3. Depth of water in three sample wells on the alfalfa plots.
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Figure 4. Soil water increase in unplanted area.



Table 3. CIMIS ETr, water extraction from 122 cm soil profile during inter-
vals between irrigations, water replacement at the end of the interval and
ratio of water extracted to CIMIS ETr in 1991.

Optimum Stress Minimum Stress

Interval ETr Water Water Extract Water Water Extract

Dates Extract Replaced ETr Extract Replaced ETr
mmmmmmmmmmmmmmm e e RAT 1O “mmmene —me————= Ratio

mm mm mm . e mm mwm e
3/18-2/5 135.74 ~896.47 97.54 0.71 -96.47 87.54 0.71
4/8-3/19 97.38 -77.28 68.99 0.79 ~-77.28 68.99 0.79
4/29~4/9 115.72 -88.61 95.30 0,75% -85.71 95.30 0.75%*
5/13-4/30 88.78 ~86.54 89.98 0.97 ~86.54 89.58  0.97
5/28-14 102.50 ~103.04 98.88 1.,01* -~103.04 5g8.88 1.0L1=*
G/10~-5/29 79.79 ~92.44 92.18 1.16 ~92.44 52.18 1.16
6/24-6/11 92.48 ~-75.88 76.55 0.82% -75.88 76.55 0.82%*
7/3-6/25 66.22 -82.64 61.05 1.24 -82.64 62.03 1.24
7/22-7/5 118.94 ~-88.48 98.42 0.74% -85.50 93.36 0.72%
7/30~7/23 54,70 -59.03 60.14 1,08 ~51.12 48.01 0.93
8/18-~-7/31 133.30 -99.83 121.25 0.75%* -94.93 111.39 0.71%
3/29~-8/20 63.66 -63.71 53.06 1.00
9/9-8/30 59.26 -57.31 65.55 0.97 -111.24 103.31 0.86
9/25~9/10 81.81 -84 ,05 69.32 1.03%*
10/8-9/26 6l.49 ~45,92 54.85 0.75 -109.43 1085.37 0.76%
10/29-10/9 79.85 -62.32 65.96 0.83% ~-61.59 60.30 0.77%*
Total ' 1431.67 -1263.5 1269.02 0.88 -1214.59 1203.19 0.85
Short Stress Long Stress

3/18-2/5 135.74 ~-96.47 57.54 0.71 -86.,47 97.54 0.71
4/8-3/18 97.38 ~77.28 68.99 0,79 -77.28 68.99 0.79
4/29-4/9 115.72 -88.61 95.30 0.75% ~86.49 85.30 0.75%
5/13-4/30 88.78 -86.54 89.98 0.97 -86.54 89.98 0.97
5/28m5/i4 102.50 -103.04 $8.88 1.01+* ~103.04 58,88 1.01+*
6/10~5/29 79.79 -92.44 92.18 1.16 ~-92.44 92.18 1.16
6/24-6/11 92.48 -75.88 76,55 0.82% -75.88 76.55 0.82%
7/3-6/25 66.22 -82.64 62.03 1.24
7/22-7/5 118.89 -80.68 85.72 0.68%
7/30-7/723 54,70 -50.38 51.53 0.93
10/8-7/31 399.52 -122.54 117.22 0.31
10/8-6/24 639.33 ~153.93 141.26 0.24
10/29-10/9 79.95 -53.32 55.25 0.67% -62.10 60.50 0.81%
Total 1431.67 -1009.82 991.07 0.71 -834.16 821.18 0.58
* = Tnterval includes harvest.

R = Over 10 mm rain in this period.
Water to establish stand 345.81 mm (Oct. 23, 1990 until Feb 4, 1991).



Table 3.(Continued) CIMIS ETr, water extraction from 122 cm soil profile
during intervals between irrigations, water replacement at the end of the
interval and ratio of water extracted to CIMIS ETr in 1992.

S S U Wl ik gk P L M W S T LR P N St s W M, AL ol L il ol oy ok o b e e T T T TV P AW T P L e, A B AL S s M s A Hm i e e L G

Optimum Stress Minimum Stress

Interval ETr Water Water Extract Water Water Extract

Dates Extract Replaced ETr Extract Replace ETr
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm Ratio m—————w  m—~-~-==  Ratio

mm mm Mm = ———— mm mm  emm s

2/4-10/30 186.56 ~—136.00 1i01.32 0.69%R -139.24 103.41 0.70%R
3/24-2/5 158.585 -85,38 97.33 0.60*R -100.75 106.23 0.64%R
4/27-3/25 186.48 ~164.09 95.38 0.8B*R -160.35 50.21 0.86%R
5/11-4/28 87.83 ~73.89 75.73 0.84 ~79.67 66.6 0.91
6/26-5/12 91.81 -71.13 81.32 0.71%* ~-74.21 78.02 0.74%
6/9-5/27 58.17 ~895.03 95.94 0.97 -85,38 96.61 0.97
6/22-6/10 © 99.85 -82.17 69.21 0.82% ~-85.22 66.61 0.85%
7/6-6/23 122.43 ~89.99 95.51 0.74 ~-87.31 88.49 0.71
7/21-7)7 115.67 ~91.20 91.74 0,79%* -97.086 82.80 0.84%
7/28~7/22 53.76 ~50.19 47.10 0.93 -47.53 47,77 0.88
8B/17-7/29 128.073 ~90.14 84.12 0.70% -89.73 93.99 0.70%
8/24-8/18 42.27 ~42.06 38.58 1.00
9/8-8/25 96.36 -76.25 73.70 0.7%9 -100.34 92.50 1.04
&/22-9/9 71.55 ~59.15% 46.46 0.83% *
9/30-9/23 42 .48 -16.36 22.74 0.39 ~-78.22 61.89 0.69
10/12-10/1 57.00 ~31.57 44.73 0.55 -27.60 38.18 0.48
11/11-10/13 83.42 -76.64 64.99 0.92*R -75.74 77.54 0.91*R
12/15~11/12 64.01 -73.06 1.14R -62.99 0.98R
1992 Total 1786.23 ~1414.3 1225.9 0.79 -1401.34 1190.86 0.78
2—~vyear Total 3227.90 -2677.8 24%4.92 0.83 -2615.93 2394.05 0.81
1892 Short Stress Long Stress
2/4-10/30 196.56 ~136.54 104.30 0.69*%R ~149.67 114.00 0.76%R
1/24-2/5% 158.55 -100.986 108.11 0.64*%R ~110.44 101.17 0.70%R
4/27-3/25 186.48 -130.76 890.78 0.70%#R -128.21 113.42 0.69%*R
5/11~-4/28 87.83 ~76.69 71.07 0.87 ~76.67 72.61 6.87
5/26-5/12 91.81 ~69.41 77.84 0.70% -73.22 85.94 0.73%
6/9-5/27 98.17 ~93,61 90.42 0.95 ~101.23 97.83 1.03
6/22-6/10 98 .85 -77.24 63.68 0.77%* -84.00 72.23 0.84%*
T/7-6723 122.43 -83.60 BC.&81 0.68
7/21=7/7 115.67 -80.55 89.48 0.70%
7/28-7/22 53.76 ~55.22 46.11 1.03
©/30-7/29 380.69 -127.55 70.90 0.34
9/30~6/23 672.55 -132.02 127.07 0.20
10/12~-10/1 57.00 ~21.30 31.33 0.37 =-21.73 28.80 0.38
11/11-10/13 83.42 ~-60.48 60.41 O0.73*R ~76.64 61.27 0.92+%R
12/15-11/12 64.01 ~-63.02 0.98R ~67.,94 1.06R
1992 Total 1796.23 -1176.893 985.04 0.66 ~1021.77 B874.34 0.57
2 Year Total 3227.90 -2186.75 1976.11 0.68 -1855.93 1695.52 0.57
* = Interval includes harvest. R = Over 10 mm rain in this period.
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Table 3. (Continued) CIMIS ETr, water extraction from 122 cm soil profile
during intervals between irrigations, water replacement at the end of the
interval and ratio of water extracted to CIMIS ETr in 1993.

1993 Optimum Stress Minimum Stress
Interval ETr Water Water Extract Water Water Extract
' Extract Replaced ETr Extract Replaced ETr
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ratio ———mmrmm e Ratio
mm ™M mm = mm mm = -
3/1-12/15 162.50 ~140.59 133.13 0.8B6R* -138.84 134.17 0.86R*
3/30-3/2 132.09 ~77.91 75.07 0.59% -82.03 83.4 0.62%
4/6~3/31 41.41 ~-35.19 40.14 0.80 ~-35.06 31.82 0.85
4/23-4/7 109.52 -81.26 69.97 0.74% -75.95 65.79 0.89%
5/3-4/24 69.49 -41.17 47.33 0.59 -47.67 46.31 0.69
5/24~5/4 144.55 -90.67 92.86 0.63% ~-93.38 97.74 0.65%
6/1~-5/25 63.13 -53.76 48.85 0.85 ~-48.87 45.16 0.77
6/21-6/2 157.05 -106.57 105.63 0.68% ~98,.51 112.58 0.63%
6/30-6/22 70.16 ~75.35 55.10 1.07 -'75.95 51.52 1.08
7/19-7/1 144.87 -91.48 98.55 0.63% ~93.48 106.45 0.65%
1/26-7/20 49.28 -49.70 47.65 1.01 -48.45 44,35 0.98
8/16-7/27 163.36 -106,34 95.57 0.65% -107.80 106.26 0.66%
8/30-8/17 87,97 ~65.76 74.92 0.75 ~57.72 0.66
9/7-8/31 51.30 -58.39 48.32 1.14
9/7-8/17 139,27 -96.27 96.38 0.869
9/29~6/8 129.83 ~86.84 89.95 0.67%
9/30-9/8 134,44 -95.97 88.24 0.74%
10/11-9/30 58.09 ~41.74 38.16 0.72
10/11-10/1 53.48 ~46.36 42.33 0.87
11/8-10/12 108.71 ~77.96 BB8.58 0.72% -81.24 85.27 0.70%
1993 Total 1743.31 -1280.68 1248.78 0.73 ~-1248.15 1238.81 0.72
3 Year Total 4971.21 -3958.48 3743.70 0.80 ~3864.08 3632.86 0.78
1993 Short Stress Long Stress
3/1~-12/15 162.50 ~138.52 127.50 0.85R* -140.38 133.39 0.86R*
3/30-3/2 132.09 -73.29 74.69 0.55% -78.14 76.04 D.59%*
4/6-3/31 41.41 ~-35.76 35.56 0.86 -40.01 34.36 0.97
4/23-4/7 109.52 -83.35 79.27 0.76% -78.76 77.42 0.72%
5/3-4/24 69.49 -45,32 46.09 0.65 ~51.62 50.30 0.74
5/24-5/4 144,55 -87.84 94.54 0.61% -96.12 111.28 0.66%
6/1-5/25 63.13 -47.27 43.39 0.75 -59.58 54,04 0.94
6/21-6/2 157.05 ~106.73 110.62 0.68%* ~110.85 113.02 0.71%*
6/30-6/22 70.16 -60.91 51.83 0.88
7/19-7/1 144.87 -101.259 1062.62 0.70%*
7/26-7/20 49.28 -46.76 47.52 0.95
9/30~7/27 437.07 ~=137.74 127.66 0.32
9/30~-6/22 701.38 ~3170.11 124.52 0.24
10/11-10/1 53.48 -45.74 39.15 (.86 -19.77 27.1 0.36
11/8-10/12 108.71 -~74.05 76.65 0.68% -56.39 62.92 0.52+#
1993 Total 1743.31 -1084.57 1057.09 0.62 ~901.73 864.39 0.52
3 Year Total 4971.21 ~3263.91 3033.20 0.66 ~2757.66 2559.91 D.55

* = Interval includes harvest. R Over 10 mm rain in this period.
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the same interval. In the column of interval dates the second date
is the earliest day of the interval and is the irrigation date when
the water was replaced for the previous interval. It is clear when
comparing irrigation intervals with and without cutting alfalfa,
the cutting had reduced evapotranspiration. In the intervals of the
optimum treatment that did not have a harvest, there was an
increase in the extract/ETr ratios until the end of June and then
a decline. The ratios were further reduced by the irrigation
treatments as they added drought stress to the plants up until the
end of the treatments in October.

In Figure 5 is shown the comparative amount of water extracted

from the 122 cm (4 foot) soil profile by the four irrigation
treatments.

Soil saturation extracts corrected to field capacity indicating
salt and chloride contents in 1993 are presented in Figure 6 in
30 cm (1 foot) depth increments for the irrigation treatments. Note
that most of the salt buildup occurred in the 62-92 cm (third foot)
layer where the texture changed from clayey to sandy. Analysis of
variance was conducted on the concentrations and on the changes
from one sampling date to the next for each soil level (Table 4)
for 19291. The least significant difference (LSD ) is given for
each. The data present the conductivities before, during, and after
the treatments. The last segment summarizes the change from the
beginning to the end of the treatments. The initial concentrations
on the deeper clay soil in the west side were significantly higher
in all levels. The first segments from January and June show little
of interest.

The June to October segment shows the long treatment
increase in conductivity for the ©profile average to be
significantly greater than the optimum and minimum treatments. The
sandy layer below the upper 60 cm clay concentration at 60-90 cm
exhibited a highly significant increase in salinity as compared to
the other treatments. In the optimum treatment with the highest
water application conductivity in the two lower layers actually
declined. In the minimum treatment the lowest layer declined while
the top three increased. In the short and long treatments the third
layer accumulated more salinity than the optimum and minimum. The
long treatment accumulated salinity in both the third and fourth
depths. This is reflected in the overall significant differences in
the profile averages.

in 1992 and 1993 the differences in salinity and chloride
between the west and both the center and east locations were highly
significant. Differences between the irrigation treatments were
significant only after the full course of treatment in October as
shown in Table 5. The chloride difference carried over until the
February sampling in 1993. The conductivity and chloride contents
are presented in four depth levels in Table 6. As was the case in
1991, the 62-92 cm depth exhibited the highest levels. This is the
level where a transition from clay to sandier textures occurs.
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DAILY ALFALFA WATER EXTRACTION

3/12/91 TO 10/30/93

mm/day WATER EXTRACTED

. | 1 1 i 1 ? ' | | i t

MS1T M J § N J2 M M J S N J3 M M J 8
A J A O D F A J A O D F A J A O
MONTH OF MEASUREMENT

—w- OPTIMUM _, MINIMUM _, SHORT  _g LONG

Figure 5. Water extracted from a 122 cm soil profile in 4 irrigation
treatments.
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SOIL SALINITY

AFTERTHIRD YEAR
CONDUCTIVITY AT FIELD CAPACITY (dS/m)
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Figure 6. Average soil sal

inity and chloride concentration in 30 ¢m depths after four irrigation
treatments,
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Table 4 Initial soil saturation extracts at field capacity on east and
west locations for four irrigation treatments.

Location Irrigation Treatment
S01il Deplth oo e e e
~~~~~~~~~~ West East Optimum Minimum Short Long LSD
dS/m ds/m dS/m ds/m dS/m dS/m %

———————————————— January 2, 1991 —-meremee e

0-30 cm 5.7 2.6%% 4.2 3.6 4.7 4.0 n.s
3160 cm 8.3 2.1%% 6.1 5.2 6.0 5.4 n.s
61-90 cm 13.3 4.0%% 9.1 S.1 8.5 7.7 n.s
91-120 cm 9.8 4.3%% 5.8 7.7 6.7 B.0 n.s
Average 9.2 3.5%% 6.3 6.4 6.5 6.3 n.s

Saturation extracts at field capacity June 4, 1991 before treatment.

0~30 cm 5.0 2.5%% 4.1 3.6 4.0 3.4 n.s
31-60 cm 10.2 2.7%% 6.6 5.5 8.4 5.4 n.s
61-30 cm 13.9 4,.6%% 9.6 9,2 10.5 7.7 n.s
91-120cm 8.9 4,7% 5.8 7.7 6.6 7.1 n.s
Average 9.5 J.6**% 6.5 6.5 7.4 5.9 n.s

Saturation extracts at field capacity October 16, 1991 after treatment.

0-30cm 6.1 2.7% 4.6 3.7 4.7 4.6 n.s
31-60cm 10.9 3.3% 6.7 6.5 9.0 6.2 n.s
61~-90cm 16.3 6.3% 9.3 10.3 i3.2 12.5 n.s
S1-120cm 8.7 5.5 4.8 6.6 6.6 10.6 n.s
Average 10.5 4,5%% 6.3 6.8 8.4 8.5 n.s

Change in salinity from June 4 to Oct.16,1991 during full treatment.
0-30cm 1.

1 0.2ns 0.5 0.1 0.7 1.3 n.s
31l-60cCh 0.7 0.éns 0.1 1.0 0.6 0.9 n.s
61~90cm 2.3 1.8% ~0.3b 1.1b 2.7ab 4.8a* 3.4
91-120cm -0.2 0.8% -1.1b -1.2b 0.0b 3.5a%* 3.3
Average 1.0 0.9ns ~0.2b 0.3b 1.0ab 2.6a%% 1.7

* Difference significant at 10% , ** 5 T, kkE 1%

Values followed by the same letter are not 51gnxf1cantly different.
n.s = no significant difference.
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Table 5. Conductivity and chloride concentration of saturation extracts at

field capacity in 1992 & 1993.

(Average 122 cm)

Date conductivity sampled

2/16
dsS/m
.2a
.5b
.6b
.3

D o W

bo S & I - U U
N o~

meqg/l
il.2a
i8.2b
11.5b
9.5

Jnoa;
N owwn

meq/1
26.4a

fon QL LN 5 1 B 63
[Ty QRS T SN

. ———

= 0O
N oOWwoo

meqg/1l
34.3a
18.5b
14.5b
12.3

17.
17

8bc
LOc
28.2a
26.8ab
9.2
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significant difference.

—————————— 1992 ~———mmmm———
Lecation 3/20 6/5 8/13 10/20

ds/m  dS/m ds/m ds/m
Wast 10.3a 10.0a 10.8a 10.1a
Center 5.9b 5.8b 5.2b 5.6b
East 5.7b 5.1b 4.8b 5.6b
LSD 5% 1.8 3.9 2.6 2.3
Irrigation
Treatment
Optimun 6.8 6.4 6.7 6.1b
Minimum G.4 7.0 6.1 6.1b
Short 8.4 8.0 7.4 7.9ab
Long 7.6 7.4 7.6 8.2a
LsD 5% n.s n.s n.s 2.0
Location Chloride content
———————— meg/l meqg/l meq/1l medg/1l
West 41.3 40.5 43 .4 39.5
Center 22.4 18.0 18.8 19.4
East ! 20.9 i5.9 17.3 19.73
L&D 5% 7.4 i5.2 12.1 11.2
Treatment
Optimun 25.2 18.9 24.9 21.5b
Minimum 24.0 23.6 20.9 20.6b
Short 33.6 29.1 31.5 29.4a
Long 30.1 26.7 28.6 32.7a
LSD 5% n.s n.s n.s 8.25
Same letter in ' same column is not
significant.
Table 6,

treatments on October 20, 1992

o

Saturation extracts at four depths of four irrigation

n.s=not

Min Short  Long
dS/m ds/m dS/m
3.9 4.2 3.9
6.0 7.4 7.8
8.0b 11.3ab 12.2a
6.5 8.7 8.8
Chloride content
meq/l meag/l meg/l
9.6 11.6 10.8
19.0 25.5 30.3
30.5bh 43.8ab 56.5a
23.4 36.7 33.4

I AL e, e e O L i M U, . o A T L T WL Bl A ok ey o T A A Ak i Al ot ks o ke ko ey Sy o PR AP A o A " o

Depth Opt
cm ds/m
0 - 30 3.5
31 ~ 61 5.6
61 - 92 8.9ab
92 - 122 6.4
Depth
cm meg/l
0 - 30 9.4
31 - 61 1.8
61 -~ 92 33.5b
892 - 122 23.3
n.s

or same letter in same row =

15

not significant difference.



WHITEFLY DAMAGE

During the 1991 season the silverleaf sweetpotato whitefly
infested several field crops including alfalfa. On September 20,
CUF 101 plots in all irrigation treatments were sampled for
whitefly. Whitefly damage was assessed visually on October 21 using
a five point scale on all varieties and treatments presented in
Table 6 and visually in Figure 9. Nymphs, red-eyed nymphs,
parasitized nymphs and empty nymphal cases were all significantly
more numerous on the optimum and minimum treatments than on the
short and long treatments. The visual damage was significantly
greater on the two wettest treatments. This was believed to be a
consequence of the drier condition of the stems and leaves of the
drier treatments and the more succulent condition of the wetter
treatments. The whitefly seem to have a preference for the more
succulent plants and this could have been a benefit to the drier
treatments. In this table can also be seen that the cultivars fell
into three groups in whitefly tolerance. The most tolerant were CUF
101, UC cCibola, and UC 150; next was Moapa 69 and the least
tolerant were Dofari, Mesilla, and Wilson. Natwick et al (1992 and
1993) using egg and nymph counts on the plots in this experiment
found that the driest treatments had the least infestation and that

the highest vyielding cultivars were the most susceptible to
whitefly infestatiocn.

Table 7. White fly damage assessed visually on October 21,1991 using
a five point scale.( 1 = no damage and 5 = severe damage.)

———————————————————————————————————————————————————————— Cultivar
Cultivars Optimum Minimum Short Long Means
Dofari 3.67 ab 3.89 a 2.56 efgh 2.78 ef 3.22 A
Mesilla 3.56 abc 3.67 ab 2.89 de 2.78 ef 3.22 A
Wilson 3.33 bc 3.44 Dbc 2.89 de 3.22 cd 3.22 A
CUF 101 2.78 ef 2.44 fghi 2.56 efgh 2.22 hijk 2.25 C
Uc 150 2.67 efg 2.00 ik 2.11  ijk 1.89 k 2.17 C
'Uc cibola 2.44 fghi  2.33 ghij 1.89 Xk 2.22 hijk 2.22 C
Moapa 69 2.22 hijk 2.67 efyg 2.22 hijk 2.67 efg 2.44 B
Irrigation

Mean 2.85 A 2.92 A 2.30 B 2.54 B

R T T e ik i b T L S ST AN i s e it . YW R WV T e T T A WAL Ul U Ukl e o A O RS N M S — i T W A ol U e YR dm e bk e e e S o T

LSD 5% 0.41 for interaction table, LSD 1% Irrigation means = 0.247
LSD 1% Cultivar means = 0.172
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STAND

The number of plants per square meter or stand has a major influence
upon yield. As seen in Table 7 the cultivar Dofari started and ended
with the lightest stand. Within the cultivars the spread of stand
differences noted in 1991 was leveled by the beginning of 1992. In 1892
the only cultivar stand difference was in Dofari, being lower than all
the others. Only after the second season did the stands in the
irrigation treatments show a significant difference with the wettest
being highest and the driest being lowest as shown in Figure 7.

Table 7. Repeated stand counts taken from a 0.1 m circle on each plot

cultivars and irrigation prior to, during and after the completion of
irrigation treatments.

Alfalfa Stand Count (plants//m?)

N — - s ot Lo o o

S I ML A R A i T S S A Sl ol o R 9k i WS o i e AR UL M. Ykt e e e o S i P 0 L

SOUXCE Of e e e e e e
Variation 5/6 7/16 10/28 5/20 7/20 11/5 5/7 7/21 10/25

B - pe—— —— oy ny L S —— ——— - . ———- —— - st o - — o ———— - sy

Cultivar

Wilson 260a 228ab l60ab 150a 150a 70a 72a 65a 43a
Moapat9 25lab 236a 155ab 140a 144a 75a 68a 71la 47a
Cibola 245ab 236a 178a 15la 153a 76a 70a 65a 47a

Mesilla 230bc 22iab 138b 14la 144a 63a 75a 6d4a 43a
CUF 101 228bc 221ab 150b 138a 137a 78a 68a 66a 43a
uc 150 218c 209b 159ab 140a 145a 75a 7ia 66a 39a

Dofari 1784 173¢ Slc 75b 65b 26b 19b 15b 8b
LSD 5% 28 26 23 14 19 19 16 15 13

Irrigation

Optimum 240 233 141 128 129 g97a 91la 87a 64a
Minimum 222 207 147 134 133 87a 86a 75a 53a
Short 237 234 160 137 138 53b 460 47h 24b
Long 221 198 140 135 133 27¢c 31k 26b 12b
L8P 5% ns ns ns ns ns 25 23 21 13

qm-.—m—-.m__u—._—m_—-nm_.m_-..u_...m...-—-«._.m...——...,—-_....._—um—.-.m.___.—u...—.._m._—-....-—._.mn..—u....._.
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STAND

FOUR IRRIGATION TREATMENTS
300

250
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5/6/91  7/16/91 10/28/91 5/20/92  7/20/92 11/5/92  5/7/93  7/21/93  11/3/93
DATE OF COUNT

—= OPTIMUM _, MINIMUM _, SHORT  _o LONG
FIRST SIGNIFICANT DIFFERENCE NOV 5, 1992

PLANTS PER SQUARE METER

Figure 7. Stand reduction over three years with four irrigation treatments.
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GROUND COVER

The amount of ground cover effects the ground temperature and therefore
the rate of water evaporation from the soil surface. Table 9 presents the
ratings:  of ground cover for comparison between irrigation treatments and
cultivars. The effect of the irrigation treatments was first noted in July of
the first year producing 10 ratings for the long treatment that had not been
cut. At the end of the treatments in 1991, the long treatment had
significantly less cover than the optimum and minimum and remained lower
until the end of the trial. After the second years treatment both the long
and short treatments were significantly lower that the wetter ones. In the
cultivars Dofari had the least cover throughout reflecting the stand.

CUF 101, UC Cibola, and UC 150 retained good cover through most of the trial.
Moapa 6% and Wilson were in the best cover group the first year but slipped
into the lower one during the second and third year.

Table 9. Degree of ground cover rating of seven alfalfa cultivars with four

irrigation treatments on five dates 1991-1993. 10 = 100%, 1 = no cover.
Treatments Degree of ground cover
4/19/91 7/16/91 10/21/91 7/27/92 3/30/93 7/26/93 11/3/93
Irrigation
Optimum 8.37 8.24 b 8.83 a 7.56 a 7.18 a 6.81 a 65.02 a
Minimum 8.40 8.32 b 7.89 ab 7.65 a 6.44 a 6.29 & 4.84 b
Short 8.16 8.27 b 3.16 a 7.22 ab 4.51 b 4.33 ¢ 3.47 ¢
Long 8.25 9.99 a 6.59 b 6.78 b 4.14 b 5.38 b 3.13 ¢
LSD 5% n.s 0.23 1.33 0.49 0.89 0.75 0.89
Cultivars
Cibola 8.92 a 9.03 a 8.6l ab 8.14 a 6.72 a 6.92 a 5.44 a
CUF 101 8.72 a 8.91 ab 8.28 ab 7.97 ab 6.31 ab 6.53 a 4.75 b
uc 150 8.69 ab 8.61 c 8.56 ab 7.81 b 6.67 a 6.72 a 4.75 b
Moapa 69 8.61 ab 8.97 ab 8.25 ab 7.83 b 6.03 bc 6.00 b 4.78 b
Wilson B.22 bc 9.08 a 9.11 a 7.67 b $5.94 bc 85.03 b 4.75 b
Mesilla 7.7 ¢ 8.72 bc 7.19 b 7.11 ¢ 5.69 c 5.86 b 4.53 b
Dofari 7.11 4 7.81 d 5.06 ¢ 4.58 d 1.61 d 1.86 c 1.56 ¢
LSD 5% 0.49 0.27 1.84 0.31 0.53 0.48 0.56

u_qm“—m-_——Hmmn—“.ﬂumﬁl-—rwmm--nu-un..—-—-v-—.mm-llw-—-J—-wnms-——“m—a——q—-mm—“w“—-_——mm———m“d——mmmn—mu‘n

Values followed by the same letter in the same column are not significantly
different.

n.s = non-significant difference.
PLANT HEIGHT

Plant height served as an general indicator of yields as shown in
Table 10. Tallest plants during the vear coincided with the highest yields:
June and July in 1991, May and June in 1992 and May June and July in 1993,
During the first year it appeared that in the period after the treatments
ended there was a stimulation of growth in the drier treatments. This did not
persist after the first vyear. Height measurements in July, August and
September for the long treatment and in August and September on the short
treatment were on unirrigated and unharvested plants and were therefore not
representative of regrowth as in the optimum and minimum treatments.
Comparing height there were three groups in cultivars. CUF 101, UC cibola and
UC 150 the tallest; Wilson and Mesilla the shortest; and Dofari and Moapa 69
in the top and sometimes in the shortest group.
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Table 10. Height of seven alfalfa cultivars with four irrigation treatments
prior to harvest, in 1991,1992,1993.

Treatments Height in cm

1991 . 4/15  5/20 6/17 7/16  8/12 g/18 10/21  12/3
Optimum 42.5 35.1 G0.7 59.5 44.0 42.5a 38.7a 25.3bc
Minimum 43.0 34.8 60.6 59.5 43.5 37.6b 31.7c 24.9%9c
Short 42.9 34.3 61.8 58.1 43.8 34.9b 26.7ab
Long 43.3 37.5 62.7 32.2bc 26.9a
8D 5% n.s n.s n.s n.s n.s 2.9 2.8 1.6
Cultivars

CUF 101 47.1a 3%.4a 64.2a &2.8a 46.7a 41.1a 37.1lab 31.1b
uc 150 45.5b 38.5a 63.ila 6l.9a 46.6a 41 .4a 37.8a 32.9a
UC Cibola 44.6b 38.la 62.%a 61l.6a 45.9ab 40.8ac 35.8bc 29.0c
Dofari 44,3b 32.6b 62.9a 58.7b 44.6b 39.8ac 32.8d 32.%=a
Moapa 69 41.1c 33.8b 61.3b 61.1a 45.2ab 41.lab 35.4c 27.5d
Wilson 33.5d 32.6b 57.4c 54.6c 38.4c 38.3bc  30.0f 14.4e
Mesilla 38.3d 32.8b 58.4c 54.8c 38.%9c 3B.2c 31l.4e 13.8e
LsSD 5% l.4 1.7 1.6 1.9 1.8 2.8 1.3 1.1
1992 1/22 3/11  4/20 5/18 6/16  7/14 8/11 9/16  11/2
Optimum\ 20.5a 45.6 38.3 56.8 53.6 37.5a 34.0a 24.0b 38.0
Minimum 19.2b 43.1 37.4 55.4 51.0 35.1a 30.8b i9.2c 33.4
Short 19.1b 44.1 38.4 55.9 50.7 34.5a 30.3b 29.8a 34.2
Long 18.5b 43.9 36.9 55.2 49.5 29.6b 28.9b 29.,3a 35.4
LSDh 5% 0.86 n.s n.s n.s n.s 3.0 2.5 2.3 n.s
Cultivars

CUF 101 24.1¢c 48.4a 39.0 58.5a 54.3a 36.9a 32.9a 27.0ab 38.2a
JC 150 26.5b 4B.5a 138.4 57.0ab 53.7ab 36.3ab 32.8ab 27.6a 38.4a
Cibola 21.44 46.2b 38.3 56.8bh 53.6ab 36.2ab 32.8ab 26.%ab 37.2ab
Dofari 34.1la 44.6c 37.0 56.7b 52.9ab 34.6b 31.3bc 25.2c 34.8c
Moapa69 19.2e 42.74¢ 37.1 55.7h 52.0b 34.7b 31.1c 25.9bc 35.6bc
Wilson 5.0f 39.0e 37.2 52.9c 46.1¢c 30.5c 28.14d 22.9d 31.54d
Mesilla 4.8f 39.6e 37.2 53.3¢c 45.8c 29.%¢ 28.14d 23.44d 32.74
LS8D 5% 1.1 1.5 n.s 1.6 1.9 1.8 1.6 1.6 2.2
1993 2/5 3/17 4/19 5718 6/15  7/12 8/11 9/16 10/25
Optimum 30.7a 32.2 39.9 54.0 52.0a 50.5a 37.7b 3lL.4c 30.2a
Minimum 27.7ab 30.4 36.5 49.4 46.8b 45.4b 33.0c 23.2d 26.6b
Short 24.3b 29.5 5.7 50.9 50.1lab 48.9ab 48.9%9a 35.7b 26.6b
Long 29.7a 32.0 19.2 53.4 53.1la 46.2b 46.2a 43.4a 23.%b
LS8D 5% 3.7 n.s n.s n.s £.5 4.3 4.4 3.6 3.0
Cultivars

CU¥ 101 32.2ab 34.%9a 42.6a 55.0ab 54.la 50.1a 43.7a 35.4a 29.5a
uc 150 35.2a 36.la 42.3a 54.7ab 53.la 49.2a 43,3bc 34.8b 27.6bc
Cibola 33.1ab 35.2a 41.8ab 55.6a 53.9a 50.6a 44.2a 36.0a 29.lab
Dofari 25.3c 25.4c 25.14 43.1lc 4l1.1ic 40.13b 35.6d 28.6c 24.6d
Moapa 30.7b 30.9b 38.5bhc 52.9ab 53.6a 50.0a 43.8a 34.5ab 27.3cC

Wilson 20.8%d 27.5bc 37.8c 51.5ab 49.7ab 47.1a 40.0bc  32.4b 24.2d
Mesilla 18.1d 27.1c 36.8c 50.8b 48.1b 46.9a 39.4c 32.2b 25.54d
L&D 5% 3.2 3.5 3.7 4.5 4.6 4.0 3.6 2.9 1.8

T T S SR M s S S M e S R Mok e < e i e i a ib o b o o e ot W ot St S AR WlAh T drk o o it e e B At oo A W ke sk Ak oy e e e A S o o S At S S S ol S

Values followed by the same letter in the same column are not significantly
different. n.s = non-significant difference.
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WEEDS

In the growth that followed the end of the treatment period there was an
obvious difference in the weed population. Weeds in each plot were counted on
December 21, 1991 and analyzed via analysis of variance. A significant
interaction between irrigation treatments and cultivars was observed. The
result is shown in Table 11 and visually in Figure 11. The cultivars that hagd
the least ground cover and the two driest irrigation treatments developed the
largest weed population.

Table 11. Number of weeds per plot on December 21, 1991,two months after
completion of the four irrigation treatments on seven alfalfa cultivars.

——————————————————————————————————————————————————— Cultivar
Cultivars Optimum Minimum Short Long Means
Dofari 17 de 27 de 102 b 140 a 72 A
Mesilla 16 de 10 de 63 ¢ 64 C 38 B
Wilson 14 de 10 de 86 bc 23 de 33 B
CUF 101 5 de 2 de 31 d 12 de 13 C
U.C. 150 5 de 1L e 8 de 13 de 7 C
UC Cibola 3 de 1 e 18 de 14 de 9 C
Moapa 69 3 de 2 e 11 de 27 de 11 C
Irrigation
Mean 29 B 8 B 45 A 42 A

TR S AL R M L ey ok I S L M L () S N . M UM L ey i W e A, i U B i bk ok ok S VO, TR M T L Wl b s e o . ot P OO PP Mo M S RAR U W UL Liky S dmf . my o i o e o

LSD 5%:Interaction table 25.0, Cultivar means 14.4, Irrigation means 31.9

DRY WEIGHT YIELDS

Dry weight yields are shown for the treatments and cultivars in
Table 12 and Table 13. Blank spaces in the table indicate that no harvest
was taken in that treatment while it was not being irrigated. LSD’s in the
columns with blank spaces were calculated only on the data shown in the
table and d4id not include the blanks as zero. The irrigation treatments
produced a significant annual vyield difference in each treatment.
Individual harvests became significantly different after the beginning of
the treatments at the end of June. Yields after the first irrigation at the
end of the dry treatments were still depressed. However, the following
harvest in December 1991 showed a significant increase in yield above the
wetter treatments similar to the height result suggesting that there had
been no permanent harm to the drier treatments and that an actual
stimulation occurred in the subsequent growth. This same stimulation after
irrigation of the driest treatments was not evident in the 1992 and 1993
harvests reflecting the significant reduction in stand that had developed
by this time. For the most part the cultivars fell into the same yield
sequence as shown in the whitefly tolerance. This yield sequence was
established before the whiteflys showed up so they may have contributed
to the sequence of differences in yield but they did not cause it. The
first group including CUF 101, UC Cibola, and UC 150: the second Moapa 69;
third Mesilla and Wilson, and last Dofari. These differences were
suppressed during the treatment harvests in July August and September, but
reappeared in the first cutting after the end of the treatments in October.

Mesilla and Wilson showed a depressed growth in December as is normal for
dormant varieties.
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Table 12. Average dry weight yield of seven alfalfa cultivars in four irri-
gation treatments 1991 to 1993

Treatments Dry we1ght yleld in t/ha

B T R

U A0l ol ok o S e b T MR T T W Mt St St St St W DA L MR o ik o o e e O SR AT W e Sk mam A YW W A S W o i Al Sl Wl ey e e o

4/17 s/21 e6/18' 7716 8/13® 9/18 10/22 12/5 Total

Optimum 1.54 1.41 2.35 2.35 1.52 i.54a 1.25a 0.54a 12.Bla
Minimum 1.56 1.34 2.31 2.32 1.53 1.25b 0.81b 0.52a 11.64b
Short 1.49 1.38 2.43 2.36 0.67¢c 0.62b 8.85cC
L.ong 1.55 .44 2.47 0.57¢ 0.63Db &.66d
LESD 5% n.s n.s n.s n.s n.s 0.16 0.13 0.07 0.80

T ML Al dmle e e M e W W Mo o g o TSR aen et W WD Y St St S B W AT Mo ok otk e g e AT TR WP W Sy W A WA ok e o e T Y T Y i e — S ——— T T ] il At e e e

1/22 3/12 4/20 5/19 6/17 7/14*  8/11° 9/16 11/13  Total

Optimum 0.42 1.33 1.29 1.85 1.97 1.35 1.03a 0.63a 0.86a 10.70a
Minimum 0.36 1.27 1.26 1.82 1.83 1.20 0.88b 0.39b 0.66b 9.66b0
Short 0.42 1.28 1.31 1.76 1.8 1.16 0.31c 8.05c
Long 0.39 1.32 1.29 1.75 1.81 0.32c 6.874d
LED 5% n.s n.s n.s n.s n.s n.s 0.13 0.11 0.15 0.85

R L Sl e I R S M AT MR M e i e S R T AT A T WA VD Wl Sl o o AT VA WP ek nd o A U Yok i b . e e T S M i TS eih Ul el (e e e o Y Y e o o

2/6 3/17 4/20 5/19 6/15% 7/12? 8710° 9/21 10/26  Total

Optim 0.71ab0.76 1.08a 1.51 1.51a 1.38 0.67a 0.88a 0.48a 8.99%a
Minim 0.60bc0.68 0.96abl.33 1.25b 1.11 0.47b 0.52b 0.38b 7.30b
Short 0.53¢c 0.59 0.81b 1.21 1.24b 1.12 0.21c 5.71c
Long 0.75a 0.69 0.92abl.34 1.32ab 0.l4c 5.15¢
LSD 5% 0.13 n.s 0.17 n.s 0.21 n.s 0.18 0.12 0.08 1.22

S L S S N M Mt ek AL AL o o e T R St o i BT MR WAD ik s i o . AT S At . M T AR WO WA G bk bk e Y Y YN i e S P B AT S ot e e v v T e S S S o Y S8 e S

1l.Analysis of variance with four treatments when four harvested.

2.Analysis of variance with three treatments when three harvested.
3.Analysis of variance with two treatments when two harvested.

Numbers followed by the same letter in the same column are not significantly
dlfferent n.s = non-significant difference.
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Table 13. Average dry weight yield of seven alfalfa cultivars receiving four
1rr1gatlon treatmenmts over three yaars

Cultivars : Dry welght yield in t/ha

. ——— s il et ey S L e e e s . ———— . ] S5 3 D A B M o) AL AL Ly e s ol o s o e e . 4 AR R A S U L A R L, e i A A Ak pa e

4/17 5/21 6/18" 7/16% 87133 9/18 10/22 12/5 Total

CUF 101 1.81a 1.64a 2.73a 2.63a 1.75a 1.64a 1.00ab 0.83b 11.72a
Uc 150 l1.74a 1.59a 2.5%9ab 2.61la 1.73a 1.683a 1.04a 0.88a 11.4%a
UC Cibola 1.79a 1.58a 2.61lab 2.58a 1.75a 1.6la 1.05a 0.75cC 11.39a
Moapa 69 1.5%b 1.42h 2.50b 2.62a 1.72a 1.63a 0.93b 0.684d 10.76b
Mesilla 1.32¢c 1.37bc 2.22c 1.96bc 1.24b 1.07b 0.682cC 0.22g 8.40¢
Wilson 1.43¢c 1.28B¢c 2.28c 2.01b 1.26b 1.13b 0.66c 0.27f 8.6BcC
Dofari 1.044 0.884 1.78d 1.9ic 1.24b 1.07b 0.484d 0.42e 7.144
LsDh 5% 0.02 0.15 0.15 0.22 0.13 0.14 0.08 0.077 0.47
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 19O e o ot o e et et e e o e

1/22 3712 4/20 5719  6/17' 7/14* 8/11% 9/16 11/13  Total

CUF101 0.66a 1.48a 1.36a 2.07a 2.18a 1.40a 1.10a 0.55ab 0.6%9a 10.32a
UC 150 10.68a 1.48a 1.37a 2.04ab 2.16a 1.43a 0.94bc 0.48b 0.6%7ab 10.18ab
Cibola 0.48c 1l.41a 1.28a 2.02ab 2.10a 1.43a 1.00ab 0.49b 0.6%5ab 9.76bc
Moapaé6® 0.41d 1.28b 1.28a 1.%4b 2.07a 1.40a 1.02ab 0.50b 0.60b 9.39c
Mesilla 0.00e 1.31b 1.26a 1.70c 1.59b 0.97bc 0.814 0.47b 0.44c 7.6848
Wilson 0.00e 1.32b 1.29a 1.74c 1.63b 1.09b 0.87cd 0.47b 0.40cd 7.854
Dofari 0.57b 0.80c¢c 1.14b 1.06d 1.25c 0.93bc 0.96bc 0.61a 0.33d 6.63e
LsSD 5% 0.04 0.08 0.11 0.11 0.12 0.14 0.12 0.310 0.09 0.52
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ LG0T o e e e o
2/6 3/17 4/20 5/19 6715 7/127  8/10° 9/21 10/26 Total
CUF101 0.91ab 0.88a 1.15a 1.58ab 1.57ab 1.48a 0.75a 0.76ab 0.41a 8.35a
Uc 150 0.97a 0.87a 1.1l4a 1.56ab 1.53b 1.40a 0.57b 0.64cd 0.32bc 8.05ab
Cibola 0.86c 0.88a 1.17a 1.63a 1.66a 1.48a 0.72a 0.72bc 0.39a 8.42a
Moapa6® 0.75d 0.76b 1.01b 1.50b 1.53b 1.42a 0.70a 0.72bc 0.36ab 7.66b
Mesilla 0.33e 0.53Cc 0.94b 1.26c 1.15c 1.03b 0.44¢c 0.63cd 0.254 5.77¢
Wilson 0.36e 0.59c 0.98b 1.35c 1.26c 1.16b 0.46bc 0.60d 0.27cd 6&.21c
Dofari 0.33b 0.24d 0.22c 0.568 0.618 0.47c 0.34¢c 0.8%a 0.1l4e 3.044
LsD 5% 0.10 0.08 0.10 0.12 0.13 0.1le 0.131 0.12 0.086 0.61

L ST TR T ML L S AL UL AL sk T Y U i AR M8 WL s o . oy A TS IS W ALAN kT WA SO L s i o o . L AL Sk it Lo S Al B ik ok ek e s YR Y S o o o S U i SR S

1.Analysis of variance with four treatments when four harvested.

2.Analysis of variance with three treatments when three harvested.
3.Analysis of variance with two treatments when two harvested.

Numbers followed by the same letter in the same column are not significantly
different. n.s = non-significant difference.
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As shown in Table 14 a significant interaction occurred in the full season
cultivar yields. CUF 101, Mesilla and Wilson did not show a significant
difference in yield between the Optimum and Minimum irrigation treatments.
All other comparisons show significant differences between irrigation
treatments and the four group sequence is the same as noted in Table 13.
Yield of CUF 101 by date and irrigation treatment is shown in Table 15 for &
cuttings in 1991 and 9 in 1992 and 1993. No cutting was taken in December
1992 because of rain. Table 16 is a summary of the total yield by cultivar
and irrigation treatment. Trends established in 1991 continued in 1992 and
1993. The average daily yields by month for the four irrigation treatments of
CUF 101 are presented in Figure 8. Figure 9 presents the daily yields of the
optimum treatment along with the ETr.

Table 14. Total dry weight yield interaction between cultivars and irrigation
treatments over three years.

Irrigation Treatments

—————————————————————————————————————————————————— Cultivar
Cultivars Optimum Minimum Short Long Means
t/ha t/ha t/ha t/ha t/ha
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 399 L oo o o e e
CUF 101 14.54 a 13.66 ab 10.5%4 cd 8.13 e 11.72 A
UC 150 14.36 a 13.18 b 10.69 c 7.72 e 11.49 A
UC Cibola 14.62 a 13.24 b 9.93 cd 7.7% e 11.39 A
Mocapa 69 13.52 ab 12.93 b 9.90 cd 6.68 fg 10.76 B
Wilson 10.77 «c 10.09 cd 7.57 ef 6.30 g 8.68 C
Mesilla 10.15 cd 9,96 cd 7.64 e 5.85 g 8.40 C
Dofari 9.60 d 8.38 e 6.21 g 4.19 h 7.14 D
Means 12.51 A 11.64 B 8.95 C 6.66 D 9.94
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1991 + 1992--—--———— e e
CUF 101 27.17 a 24.64 b 19.79 def 16.51 hi 22.03 A
Uc 150 26.42 ab 23.84 c 20.97 d 15.58 ij 21.70 AB
UC Cibola 26.72 a 23.87 c 18.63 efg 15.60 if 21.23 B
Moapa 683 25.07 bhc 23.50 <c 18.59 efg 13.37 klm 20.13 C
Wilson 20.23 de 18.93 efg 14.34 ikl 12.84 1m 16.58 D
Mesilla 19.11 efg 18.40 fg 14.74 Jk 12.04 m 16.07 D
Dofari 17.74 gh 15.82 1i7j 11.78 m 8.69 n 13.51 E
Mean 23.21 A 21.31 B 17.00 C 13.53 D 18.76
~~~~~~~~~~~~~~~~~~~~~~~~~~ 1891 + 1982 + 19893 - e e e e e
CUF 101 38.32 a 33.75 cde 26.82 ghi 22.64 klm 30.38 A
UC 150 36.41 abc 31.81 ef 29.12 fg 21.66 mno 29.75 A
UC Cibola 37.57 ab 32.96 de 26.13 hi 21.93 lmn 29,65 A
Moapa 69 35.36 bcd 32.29 e 25.23 ijk ig.33 p 27.80 B
Wilson 28.13 gh 25.78 hij 19.10 op 18.15 p 22.79 C
Mesilla 26.29 hi 24.59 1ijkl 19.50 nop 16.99 p 21.84 C
Dofari 23.25 jklm 19.04 op 12.91 q 10.99 g 16.55 D
Mean 32.20 A 28.62 B 22.71 C 18.68 D 25.55

AT TR T AN R ML i e e e AT T W MU ALkl ALK Mo ik b e el . o S S NP U WS S B WS e mrm Y MAS b e W A i ek e e iy Y7 pan YTT WY B S e e e e e A R A W

LSD 5% 1991 %nteraction 0.94, cultivar means 0.47, Irrigation means 0.80
LSD 5% 1992 }nteraction 1.70, cultivar means 0.85, irrigation means 1.51
LSD 5% 1993 interaction 2.71, cultivar means 1.35, irrigation means 2.52
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Figure 8. CUF 101 daily yield of Optimum treatment and reference evapotranspiration.
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Figure 9. CUF 101 Average daily yield of four irrigation treatments.
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Table 15. Dry weight yield of CUF 101 with four irrigation treatments in
1991, 1992 and 1993.

Treatments ) bry weight yield in t/ha

S - T —— . WY AT - DA W WO A W T W0 PP AT T Y W TP T S e ey e i B vh o S W IR PWT RV TR W VAR TWC R WA W S NP VET TIVR TR Y ST TR YR TR S M TR TR R W W o o

4/17 5/21 6/18 7/16 B/13 - 9/18 10/22 12/5 Total

Optimum 1.71 1.62 2.61 2.66 1.83 1.82a 1.4%9a O0.80b 14.54a
Minimum 1.92 l.61 2.59 2.66 1.&87 1.46b 0.96b 0.70c 13.66hb
Short 1.72 1.59 2.8B9 2.62 0.85bc 0.87ab 10.54c¢
Long 1.80 1.73 2.86 D.72c 0.93a 8.134d
Mean 1.81 l1.64 2.73 2.65 1.75 1.64 1.0: 0.83 11.72
LSD5% n.s n.s n.s n.s n.s .19 0.186 0.09 0.47
———————————————————————————————————— DGO2 e e e e e e e e e e o e e

1/22  3/12 4/20 5/1% 6717 7/14 8/1i1 9/16 11/3 Total

Optimunm 0.72 1.49 1.42 2.06 2.34 1.54 1.23a 0.75a 1.08a 12.63a
Minimum 0.58 1.41 1.32 2.08 2.09 1.41 0.97k 0.35b 0.77b 10.98b
Short + 0.64 1.49 1.30 2.00 2.086 1l.26 0.50c¢ 9.25cC
Long 0.69 1.52 1.39 2.13 2.22 0.43¢c 8.38c
Mean 0.66 1.48 1.36 2.07 2.18 1.40 1.10 0.55 0.70 10.32
LSD 5% n.s n.s n.s n.s n.s n.s g.16 0.14 0.19 0.98
———————————————————————————————————— TG0 v e e e
2/5 3/17 4720 5/18 6/15 7/13 8/10 9/21 10/26 Total
Optimum 1.00a 0.97a 1.26a 1.78 1.85a 1.74a 0.88a 0.88a 0.6%a 11.15a
Minimum 0.92a 0.8%ab 1.17ab 1.59 1.53b 1.37b 0.62b 0.55b 0.48b g.11b
Short 0.72b 0.79b 1.03b 1.42 1.42b 1.34b 0.28c 7.03c
Long 0.95a 0.8%ab 1.1l2ab 1.51 1.49b 0.17c 6.13c
Mean 0.90 0.89% 1.15 1.58 1.57 1.48 0.75 0.77 0.41 B8.35
LSD 5% 0.21 0.16 0.19 n.s 0.26 0.28 0.1lc 0.21 0.11 1.21
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Numbers followed'by the same letter in the same column are not significantly
different.

n.s = non-significant difference.
WATER USE EFFICIENCY

The yield produced per cm of water used is shown in Table 16. It is
apparent that as the water application fell below the optimum need of the
plant, the yield per unit of water declined. The data are presented to give
the yield in terms of the water used to both establish and grow the crop
during the harvest year. A breakdown of the effect of treatments on CUF 101
yields is presented in Table 17. Figure 10 presents data on kg/day yield,
mm/day harvest and the kg/mm yield per unit water for the optimum irrigation
treatment. In Figure 11 is the yield per unit water on a greatly expanded
scale of all four treatments. Comparing the three years data it is apparent
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that water use efficiencies dropped from year to year. A major yield
efficiency reduction began in all irrigation treatments in July of 1992, This
coincided with a buildup of the silverleaf whitefly in June and July which
may have caused the reduction. The drop in the optimum check suggests that
something other than the irrigation was producing stress. Table 16 data
provide some support that the likely source of stress was the whitefly since
the driest treatment had the least yield reduction from 1991 to 1992 and also
had the least whitefly damage. The further reduction in 1993 probably reflect
the loss of stand seen in Table 7 and Figure 7. Data in both Table 16 and 17
indicate the best water efficiency was achieved by providing optimum amount
of water to the alfalfa.

Table 16. Water effmclency of four irrigation treatments on CUF 101.

Water Extracted

Growth Phase Optimum Minimum Short Long
Establishment mm mm mm mm
10/23/90-2/5/91 345.81 345.81 345.81 345.81
Crop Growth Period

2/5/91 - 12/5/91 1348.80 1299.71 1082.76 9159.42
12/5/91- 12/15/92 1329.04 1316.22 1039.88 936.51
12/15/92-10/27/93 1249.80 1212.686 1048.85 877.49
2/5/91 ~ 12/15/92  2677.04 2615.93 2132.74 1855.93
2/5/91 - 10/27/93 3927.60 3828.59 3235.60 2733.42
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Growth Phase Optimumn Minimum Short Long
Crop Growth Period t/ha t/ha t/ha t/ha
2/5/91 ~ 12/5/91 14,54 13.66 10.54 8.13
12/5/91~ 12/15/92 12.63 10.98 9.25 8.38
12/15/92-10/27/93 11.15 9.11 7.03 6.13
2/5/91 - 12/15/92 27.17 24.64 19.79 16.51
2/5/91 - 10/27/93- 38.32 33.75 26.82 22.64
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Optimum Minimum Short Long

Kg/ha/mm Kg/ha/mm Kg/ha/mm Xg/ha/mm
10/23/90 -~ 12/5/91 8.58 8.30 7.33 6.43
2/5/91 - 12/5/91 10.78 10.51 9.65 8.85
12/5/91 - 12/15/92 9.50 8.34 8.90 8.95
12/15/92 - 10/27/93 8.92 7.51 6.70 6.99
2/5/91 -~ 12/5/91 10.78 10.51 9.65 8.85
2/5/91 - 12/15/92 10.15 9.42 9.28 8.90
2/5/91 =~ 10/27/93 9.76 8.82 8.29 8.28
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Table 17. Dry weight vields of CUF 101 per mm of water extracted for
four irrigation treatments by year and month.

Treatment
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

kg/ kg/ kg/ kg/ kg/ kg/ kg/ kg/ kg/ kg/ kg/ kg/

Year mm mm Mg mm mm nm mm mm mm M mm
Optimum
1991 15.2 12.2 8.4 12.411.9 9.6 8.8 10.8 12.3 10.3
1992 14.7 10.7 11.8 13.0 14.0 11.2 7.3 5.5 6.1 8.5 6.4 5.3
1993 5.7 11.1 12.0 10.1 12.4 9.9 7.3 5,5 3.3 5.3
Minimuam
1991 15.2 13.0 8.3 12.410.9 7.2 7.8 9.2 10.2 7.9
1992 13.4 17.6 12.9 12.7 12.8 9.6 6.2 4.1 3.6 6.4 5.5 5.2
1993 5.3 10.4 10.8 9.4 10.5 8.2 5.6 3.6 1.9 3.5
Short
1991 15,2 12.1 8.8 13.1 7.8 O 0 17.3 10.3 11.3
1992 15.2 13.2 11.8 12.6 13.4 9.3 3.5 0 o 8.6 5.1 4.3
1993 4.4 9.1 9.7 7.6 10.0 8.3 6.2 0 0 3.0
3
Long
1991 15.2 13.3 9.0 7.7 0 0 ) 13.2 10.1 9.5
1992 14.2 14.7 11.8 12.7 13.7 6.1 O 0 0 7.6 5.3 5.2
1993 5.4 10.3 10.4 8.4 9.6 3.8 0 0 0 2.7
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WATER AND YIELD EQUIVALENTS

A comparison of the total water saved by the irrigation treatments
to the total yield lost over three years produces a yield egquivalent in
water. In Table 18 this comparison is presented for CUF 101. In this
table the water saved was calculated at 65% efficiency. Using a more
gfficient irrigation method would reduce the water saving and increase
the value of the water.

Table 18. Comparison of the optimum check irrigation to the other three
treatments yield loss and water saving after one, two and three years.

Total Yield Total Water Ratio

Treatment One Two Three One Two Three One Two Three
Differential Year Years Yaar Years Year Years

t/ac t/ac t/ac ft ac ft ac ft t/acft t/acft t/acft

Optimum - Minimum 0.39 1.07 1.98 0.27 0.32 0.51 l.44 3.34 3.88
Optimum -~ Short 1.79 3.20 B5.04 1.30 2.49 3.51 1.38 1:29 1.44
Optimum - Long 2.86 4.87 6.93 2.17 4.15 6.12 .32 1.13 1.13

~In this analysis it is apparent that as the amount of water saved
lncreased, the yield loss per unit of water declined.

The treatment followed in the past and the one most likely to be adopted
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by growers is the short treatment which had no irrigation applied
in August or September. After one year the average loss per acre
foot saved was 1.38 tons, after two years 1.29 tons and 1.44 tons
after three years. At $100 per ton of alfalfa the values would be
$138, $129 and $144 per acre-foot respectively.

The decline in yield from 1991 to 1992 and 1993 could have been
due to the whitefly infestation that has caused great damage to the
local industry. To the extent that this is the case, the effect on
the yield/water ratios in Table 18 may not represent the result in
a typical year without the whitefly. One could speculate that the
stress from the whitefly added to the irrigation stress caused a
greater reduction in alfalfa yield than would have the irrigation
stress alone. This greater reduction in yield than in a typical
year would result in an apparent higher value for water that in a
"normal' year. The increase in the water value for 1993 probably is
a result of this. The significant increase in salinity with
decrease in water application will add to the cost of the drier
water treatments due to the time and expense of leaching the
salinity to its former levels or growing a crop such as sudan grass
to facilitate salt leaching.

We conclude that when no irrigation was applied in August or
September the yvield of CUF 101 was reduced from 1.29 to 1.44 tons
per acre for each acre-foot of water saved over the three year
period from 1991 to 1993
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Figure 10. CUF 101 yield per day, mm per day extraction, kg yield
per mm of water extracted by the optimum irrigation treatment.
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Figure 1l. CUF 101 kg/mm yield of four irrigation treatments in three year:
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APPENDIX A
FINAL REPORT 1993

S0IL EXCAVATION FOR ROOT EXAMINATION

Significant differences in both soil saturation extracts and soil
chloride in tables 4 & 5 were associated with significant yield differences
between the west location and the center and east locations. An LSD 5% of
2.18 t/ha from the three year total dry weight yield analysis of variance for
the west location (21.58 t/ha), center (26.94 t/ha) and east( 28.15 t/ha)
indicated a significant difference between the west location and the other
two. Fortunately the selection of the locations oriented north and south
allowed a statistical isolation of the variance between the locations
allowing measurement of confounding of the differences with the irrigation
treatments. At the conclusion of the field experiment pits were dug to 180 cm
depth in each optional treatment and each short treatment in each of the
three locations. These 18 pits were examined for the root depth and condition

and soil layers were sampled for saturation extract and soil chloride
concentration at field capacity.

In the pits on the west location gypsum precipitated at the 45 to 60
cm depth in a dense clay layer that extended below to a sandy layer. At or
slightly below the gypsum the salinity level increased significantly from
about 6 dS/m to about 15 Ds/m. Soll chloride increased from about 20 meq/l in
the root zone to about 70 meq/l below the roots. Many of the tap roots
terminated in the top 30 cm exhibiting dead meristems black in coler. Above
the black tips lateral roots much finer in diameter than the tap root
extended out and down below the tap root into the zone of higher salinity
where they also stopped in or slightly above the gypsum precipitation. Fine
roots in the upper zone grew on the surface of the dense clay peds resembling
the restricted root growth against the inside of a flower pot.

In the center locations the short treatment tap roots termlnated in the
top 30 cm with laterals extending to the 60 cm depth into the top of a sandy
layer The salinity in the upper clay layer was 5.0 Ds/m (Cl 7 meg/l) or less
in the root zone climbing to 6.0 Ds/m (Cl 40 meg/l) or hlgher where the roots
stopped. The optimum treatment tap roots terminated deeper in the 60 cm depth
range and had laterals to the 75 cm range. Salinity in the top clay layer was
less than 5.0 Ds/m (Cl 7.0 meq/l) climbing above 6.0 d4S/m (Cl 15.0 meqg/1)
where the roots stopped.

In the east location the clay layer was 68 cm deep above a sandy layer
on the north and 41 cm above the sandy layer in the south. Both of these
locations had rooting below 90 cm. The tap roots in the short treatment
terminated at about 23 cm while the optimum treatment tap roots terminated
about 48 cm with several extending down to 56 cm. Laterals were seen at 112
cm well into the sandy layer. Soil salinities were generally below 5.0 dS/m
(C1 15 meg/l) in the root zone. The east central replication had gypsum
precipitation in both treatments. In the short treatment it occurred from the
25 to 69 cm depth and in the optimum treatment it was from the 56 to 76 cm
depth. Roots terminated within the gypsum layer. Salinities were near 9.0

ds/m (Cl 20 meq/l) above the gypsum and 16 &5/m (cl 44 meg/l) in the gypsum
layer where rooting stopped.
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DISCUSSION

Judging from the variation in the soil profiles a guestion arises as to
whether the observed differences were truly the result of the irrigation
treatments or simply the reflection of the random soil conditions where the
treatments happened to fall. Fortunately the optimum and short irrigation
treatments fell adjacent in each replication with first one on the north and
then the other. Soil conditions changed gradually from one area to another so
that those in close proximity were quite similar for the comparison of the
optimum and short treatments. The west location had tap root termination and
lateral rooting at shallower depths than the center or east locations. But
the optimum treatment had generally deeper rooting than the short treatment.

The presence of gypsum precipitation marked the upper zone of higher
salinity. The resident high salinity was due to the massive poorly drained
clay in the area. The higher ionic strength or concentration of salts caused
the less soluble gypsum to precipitate. The root growth stopped as a result
of the physical strength needed to penetrate the massive clay and of the high
salinity levels., In all comparisons of the optimum and short treatments where
gypsum occurred the upper boundary of the gypsum was deeper in the optimum
treatment than in the short treatment indicating some result of the
treatments. The shallower rooting above the gypsum produced better growth in
the optimum treatment than in the short treatment due to the additional
irrigation in August and September,

i
In the other locations where the gypsum did not occur rooting was deeper

and the salinity did not increase as rapidly from the clay upper layer to the
lower sandy layer.

CONCLUSION

There was a great variation in the seil profile in the field where the
study was conducted. The three locations oriented north and south showed
prefile differences between the west with deeper more massive clay, higher
salinity and shallower rooting than the central or east locations that had
deeper rooting and lower salinity and chloride concentrations. The soils were
similar within the north-south locations so that the greatest differences in

soll were isolated by location and could be analyzed to measure confounding
with the irrigation treatments.

We conclude that the treatment analysis was valid for soils with similar

variations in texture, strength and salinity conditions common in Imperial
Valley.
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AFPPENDIX B
SOIL SALINITY RECLAMATION

The alfalfa plots were harvested one last time in December 1993 to
remove all cover. The berms separating the plots were disked down and the
entire experimental area deep chiseled. The soil was allowed to dry and was
disked a second time. Berms were constructed in the north south direction to
allow irrigation perpendicularly to the east-west orientation of the
experiment. The plots were irrigated with an average of 7.18 inches (182 mm)
on February 10 1%94. Soil salinity samples were taken from the sites
previously sampled for the alfalfa experiment. A summary of the soil salinity
changes is presented in Table 1.

The data provide some interesting observations. The optimum treatment
showed a slow decline in salinity from beginning to end of the experiment.
This gives us confidence that the irrigation was adequate to meet the needs
of both irrigation and leaching of salt. The minimum treatment showed a one
time increase at the end of the first year of treatment. Both the long and
short treatments jumped after one vear of treatment and remained high through
the second year of treatment when the stands dropped significantly. The short
treatment remained high the third vyear, while the long treatment dropped

probably due to the lower demand for water from the lower stand density
allowing more water for leaching.

Table 20. Soil profile average saturation extracts (dS/m) at field capacity
during and after the alfalfa experiment.

T W T e St S B WAL A DO WD Lo A AL AL s bk e e g TR AT R W S S S et M e i e S e e S W AR W M M WiR Y e . i - BT e S " S - " - ot o -

Period Date opt Min Short Long Sig Profile
average
Start 1/2/91 6.3 6.4 6.5 6.3 n.s. 6.4
End lst year 10/16/91 6.3 6.8 8.4 8.5 n.s. 7.5
End 2nd year 10/20/92 6.1 6.1 7.9 8.2 5% 7.1
End 3ed year 10/19/93 6.0 6.0 B.3 7.6 n.s, 7.0
Leaching 3/2/94 6.0 6.1 7.2 7.5 n.s. 6.7
Sudan cut 6/21/94 5.4 5.4 6.6 6.2 n.s. 5.9
Sudan cut 8/10/94 5.7 6.4 6.4 6.0 n.s. 6.1
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After leaching the overall change in entire profile average from October
1993 until March 1994 was - 0.272 dS/m. The reduction took place primarily in
treatment averages of the short and long treatments. But these two treatment
averages still remained about 1 dS/m higher than at the start of the
experiment. Sudan was planted to see if this would accelerate the overall
salinity reclamation. The irrigation application was measured using head
difference during irrigation of 12 inch outlets on the concrete ditch. Due to
?ha.spacing one of the checks was irrigated with four inch siphons. The three
irrigations on the six checks were as follows: April 12,1994, 96 mm, May 5,
1954, 100 mm May 27, 19%4, 155 mm. On June 16 the sudan was cut and June 21
soll salinity samples were taken in the same locations as previously.
Irrigation of 163 mm was applied on June 27, 1994 after the harvest and of

155 mm on July 21, 1994. A final salinity sample was taken on August 10,
1894,

The salinity samples taken from the sudan show a drop in dS/m in all
treatments after the first cut. The slight rise in conductivity after the
second cut resulted from incomplete coverage of the tail end of the
irrigation plots. An attempt had been made to prevent runoff and this led to
the last row of plots in the minimum treatment receiving a light coverage
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- with a subsequent increase in salinity.

We observed that the sudan grass growth had been effective in reducing
soil salinity. The two highest salinities in the long and short treatments
were brought down to or below the values at the beginning of the experiment.
This demonstrated that where reduction of irrigation water below the optimum
for three years in an alfalfa crop had caused an increase in soil salinity,

a subsequent growth of sudan grass brought the soil salinity back to the
beginning level.
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119-53 (R? 5-72) - MEMO AND REPLY

TO:  Jesse Silva FROM: __ Tim D'#alloran

SUBJEET: Alfalfa Weter Stress Report

MESSAGE: _At this month!s meeting of the Imperial Valley Conservation Resesrch Center Committee, ! received the atteched Alfalfa Water

Stress Management report. The principsl suthor is Frenk Robinson snd the work wes conducted at the Melotend Station. Funding for the

work came from MWD. I am sending copies to you and Karen for your information and files., I will be reviewing the report and forwarding

any comments to you.
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